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ABSTRACT
The design, construction, calibration and use of a deep bathy-
thermograph with two quartz crystal temperature sensors is described.
The temperature and pressure resolution were approximately 2 x 10 oC
-3
and 0.5 decibar, and the absolute accuracies about 3 x 10-3 C and
10 decibars. Each sensor output was sampled once every 4 seconds.
Data was recorded internally on 16 mm film, and the instrument was
designed to be lowered to any depth in the ocean on ordinary hydro-
graphic wire.
In deep water, where temperature gradients were small, the two
-3
sensors tracked within 1 x 10 3 oC. On this basis it is claimed that
deep sea measurements with an accuracy of 1 x 10- oC could be made
using quartz sensors, although this accuracy was not achieved in the
present case.
Techniques are discussed for calibrating the temperature sensors
against a platinum thermometer under flow conditions.
In an examination of quartz thermometry new designs are proposed
for improved sensitivity or linearity.
A method is developed for determining instrument response func-
tions from in situ measurements. The simplicity of this method is
such that it is unlikely to be entirely new, but it should prove to
be of very general use for measuring the behavior of system elements.
iii.
Hydrographic measurements on a north-south line across the
Cayman Trench were made. Below 4300 m the average temperature
gradient was within 2% of the gradient expected for neutrally
stable water. Deviations of about 1 x 10-30C with a vertical
scale of about 100 m were observed. Close to 4300 m the gradient
of the potential temperature showed a discontinuity of 6 x 10-3 OC km -
The gradient increased regularly at lesser depths.
Making the assumption that geothermal heat is trapped below
4300 m, and combining with known data on the long term rate of
temperature rise leads to a value of 2.3 pcal cm-2 sec for the
geothermal flux in the Cayman Trench. Reasons are given for
expecting a convectively stirred lower layer in the Cayman and
other trenches.
The design of an apparatus to measure the adiabatic temperature
gradient by pressure chamber experiments is described but no data
is available.
Thesis Supervisor: Henry S. Stommel
Title: Professor of Oceanography
iv.
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I. INTRODUCTION
Science leans heavily on observational data for motivation,
guidance and indeed for its very existence. This being the case,
it is at once obvious that by increasing the capabilities (i.e.
parameter space) of observational instruments,science is likely,
with a high degree of probability, to be furthered.
Since the modern phase of marine science began about a century
ago, temperature has played a central role in descriptions of the
sea and in theories about the processes that occur. There are
reasons for attempting to improve temperature sampling with respect
to precision, accuracy, time response and density of data points in
an attempt to find unsuspected phenomena as well as to examine in
more detail aspects of processes that are already known.
There is no doubt that the mercury thermometer has the hallmarks
of a great invention, simplicity, accuracy and cheapness. However,
lit is not a design that is easily improved above its present level
of performance. There are only two systems available on the market
now that seem to offer a chance of making significant improvements
in the accuracy of temperature measurements, namely platinum resis-
tance thermometers and quartz crystal oscillator thermometers.
The work described here is an investigation of the practical use
of quartz temperature sensors, which have not been available commer-
cially until recent years. Because the working definition of tempera-
ture is defined by international agreement in terms of platinum
thermometry, this type of sensor has an ultimate advantage in accurate
2.
work, but on the other hand the quartz sensors offer significant
advantages for portable apparatus.
The potential of quartz temperature sensors may be summed up by
the remarks that the temperature coefficient of frequency can be as
-4high as 10 per oC and the frequency tolerance for effects other
-7
than temperature can be 10 , or less, per week with constant use.
This immediately offers the possibility of temperature measurements
-3
reproducible to 10-3 oC, or perhaps less. But the outstanding dif-
ference between platinum and quartz sensors is that whereas the former
requires an expensive bridge operating close to the limits of resis-
-3
tance measuring technology to obtain a precision of 10-3 0C, the
quartz sensor requires a comparatively cheap frequency meter, whose
performance is no where near to the limits of frequency measurement
technique.
Platinum themometry has benefited by decades of development,
although progress in recent years must be counted as fairly slow.
Despite their much more recent introduction as practical temperature
sensors, quartz transducers already have a very extensive background
of research because of their widespread use in narrow band filters
and in stable frequency oscillators. Thus, the first commercially
sold quartz temperature sensors already possessed the benefits of a
great deal of technological development. It was resolved to use
these sensors, together with the Vibrotron pressure gauge sensor, a
highly developed instrument with a frequency output signal, in a
recording bathythermograph, to learn something of the accuracy and
reliability of quartz sensors in a practical instrument, possibly to
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find further interesting details in the temperature structure at
some geographical location in the sea, and, not least from the
writer's view point, to provide a worthwhile experience in the
design and construction of a special purpose instrument.
From the beginning, the instrument was designed with the object
in mind of using it in deep water to look for small temperature
variations that would be missed by reversing thermometers measuring
to + 0.01C at depth intervals with a hundred or even a thousand
meters spacing.
Later, after the instrument was built, attention was turned to
the Cayman Trench as a result of published work (Worthington, 1966)
and conversations with Mr. L. V. Worthington. This area was chosen
as a suitable locality for use of a sensitive bathythermograph because
the deep water was known to be of rather uniform temperature, at least
for variations greater than + 0.010 C, but at the same time there was
a possibility that there might be a heat flux from the sea bed that
was ten times greater than the world average figure. Here the instru-
-4
ment sensitivity of approximately 10 -4C could be expected to be useful
in looking for fine temperature variations, without being swamped by
rapid temperature variations with depth. Furthermore, the large geo-
thermal flux was expected to give rise to some kind of observable
effects near the bottom.
To ask oneself what temperature structure would be expected in a
trench is an interesting exercise, but not one that can be answered
with much assurance, beyond the known fact that the temperature
gradient would be fairly Close to the adiabatic gradient. Physical
4.
knowledge about mixing and convection in a stratified medium is not
sufficiently complete at present to permit the problem to be
treated on a purely mechanical basis.
Another aspect borne in mind throughout the design, was the fact
that there is some uncertainty concerning the true value of the
adiabatic temperature gradient in sea water, and that it might be
possible to measure it directly. (Values are normally calculated
from Kelvin's formula using thermodynamic data).
The possibility of thermally isolating a sample in a Dewar flask,
and changing the pressure, was ruled out because the necessary flask
would have walls whose thickness was comparable to the sample dimensions.
The possibility of a feasible design was based on the concept of using
the exterior of a water sample to insulate the interior. For instance,
if a large flaccid bag was filled in situ and then raised, the change
in internal temperature would initially be almost adiabatic because
of the delay in heat conduction from the exterior. This method seems
possible, but rather clumsy. The design was aimed at duplicating
the experiment in a pressure tank. For this reason the instrument
was designed with two pressure housings, the smaller of which was
associated with the transducers. This package was small enough to
fit inside a 9 inch diameter pressure test tank.
In the subsequent chapters an account is given of the sensors,
the instrument design, calibration, field measurements and results
plus the design of an adiabatic temperature gradient experiment.
II. SENSORS
A. Quartz Crystal Thermometry
Quartz crystals entered the field of electro-mechanical technology
with the discovery of their piezoelectric properties. Early practical
applications were stable oscillators and under-water sound generators.
It was soon realized that the resonant frequencies used in oscil-
lators were temperature dependent and that greater stability could
be obtained by enclosing the crystal in a controlled environment.
The first application of quartz oscillators as thermometers was probably
the use of crystal frequencies to set oven temperatures.
With the increasing use of quartz to stabilize frequency, atten-
tion was turned to the problem of selecting the most favorable crystal
orientations for the quartz plates, in order to give the least change
with temperature. There are a number of types of crystal for oscil-
lators depending on the mode of vibration, e.g. longitudinal, bending,
thickness shear. Standards for the description of oscillator crystals
were given by the I.R.E. (1949)
A brief review of quartz thermometry is given by Hammond (1964).
All types of oscillation modes could be used for temperature sensing,
but attention will be confined to thickness shear oscillators.
The theory of thickness shear vibrations of finite quartz plates
may be discussed approximately in terms of the vibrations of an in-
finite plate of an anisotropic material. This theory was developed
by F. Neuman, G. Green and E. W. Christoffel (see Cady, 1946). Neuman
showed that, for waves prdpagating in a direction normal to the plate,
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there are three possible wave modes, whose particle movements are
mutually orthogonal. Mathematically this is so because of the
nature of the characteristic matrix arising from the real symmetric
strain tensor.
For an anisotropic medium such as a piezoelectric crystal, none
of the modes has a simple longitudinal particle motion along the
normal to the plate, or a simple transverse motion. Each of the
three modes possesses longitudinal and transverse components of
motion. The strength of each mode depends on the degree of piezo-
electric coupling to an electric field applied to the plate, usually
normal to it by means of plated electrodes. At frequencies of the
order of one to fifty megaherz, thickness shear crystals are very
commonly used, especially overtone crystals (Atanasoff and Hart, 1941)
which offer several advantages. R. Bechmann, A. D. Ballato and T. J.
Lukaszek (1962) published data enabling the temperature coefficients,
up to the third order, for any thickness shear crystal to be calculated.
/It is found that the frequency of any crystal can be represented with
good accuracy by a third order equation
f = fo(l +O(T + T2 + rT 3 )
Two angles of orientation are sufficient to describe the crystal-
lographic orientation of the normal to a thickness shear crystal. In
the I.R.E. notation (y,x,w,,p, 6) denotes a quartz crystal plate with
normal originally along the y axis and long edge along the x axis.
The plate is rotated by T about its w edge, followed by a rotation
of 0 about its length edge. The positive directions of w and I are
7.
defined as those of the corresponding fixed axes in the initial
position. A positive rotation is counter-clockwise looking back
along the axis of rotation. Special rules have been devised for
defining the x,y,z axes in quartz and other crystals.
Hammond (1964) observed that with two degrees of freedom, it
might be possible to find an orientation for which P = d = 0,
leaving only a linear temperature term. Because of the advantages
of a linear sensor, Hammond applied Bechmann's data to the problem,
and obtained a satisfactory solution. The symmetry of quartz is high
enough that it is sufficient to consider only orientations in the
ranges 0 4 P " 600, 0 4 e - 900. Within these limits, Hammond
found that there was just one orientation (9 p 11.170,0 9.390)
that gave = = O simultaneously for one of the modes, which
by chance happened to be the strongest mode.
Given a linear characteristic, the quartz sensor lends itself to
a direct reading digital thermometer. The Hewlett Packard design as
described by Stansch (1964) uses third harmonic overtone crystals of
approximately 28.2 M Hz. At this frequency the temperature coef-
ficient of 35.4 ppm oC gives a frequency change of 1 k Hz OC-1
In practice the output is heterodyned with a constant frequency.
For oceanographic work it is more convenient to use a non oven-
controlled AT crystal for a reference oscillator. This crystal cut
is described later.
A sensor especially designed for oceanographic work (hp 2832A)
contains both sensor and reference crystal oscillators, and a mixer.
The construction of the sensor made by the Hewlett Packard Company is
8.
as follows; a gold coated crystal wafer is welded to three ribbons
which support it 0.01" from the top of a TO-5 standard size metal
transistor can that has been sealed by cold welding to enclose helium
gas at 1 torr.
The reason for cold welding is that this process prevents contamina-
tion of the crystal environment, a cause of frequency instability.
Helium is used to provide optimum heat exchange across the 0.01" gap
with minimum loading. An optimum pressure would presumably be reached
when the m.f.p. was comparable to 0.01". Higher pressures would in-
crease the loading but not the thermal conductivity. Acoustic resonances
should be avoided.
The crystal is a circular wafer 0.25" in diameter. This shape
helps to reduce coupling to other modes of vibration such as the
extensional and bending modes.
B. Temperature Coefficients of Thickness Shear Crystals
An analysis of the temperature coefficients of all thickness shear
modes was made following Hammond (1964). Bechmann's constants were
used except that the sign of C14 was changed and the work was carried
through in terms of Cady's notation. However, the results are given
in terms of the I.R.E. (1949) notation. This investigation was made
for several reasons. Firstly, there existed a prior possibility that
a better linear temperature transducer could be designed by hetero-
dyning signals from two temperature sensitive crystals chosen so that
their linear temperature terms combined, but their second and third
order temperature terms respectively nulled each other. Since it is
9.
known that the linear term may vary betweem + 90 ppm oC-1 for dif-
ferent crystal orientations, it was worthwhile to seek a suitable
combination in the hope that the combined linear term would be
several times greater than the linear term for the L C cut which is about
-1
35 ppm OC .. Two combinations were found where the cuts can be
selected to null, or almost null, the differences of the second order
and third order terms simultaneously. But in both combinations the
difference between the first order terms is small, of the order of
-1
15 ppm oC-1
Secondly, an examination of the complete range of available
temperature coefficients reveals the orientations with the largest
positive and negative first order variations.
In some cases, the possible improvement of five in the sensitivity
would outweigh the loss of linearity. Errors caused by aging would
be reduced by the same factor. Another useful combination would be
a pair of cuts selected to have zero second order terms but large
first order terms of opposite sign.
Table 1 lists the values found for the temperature coefficients
of (yx,w,7,,e)) cuts. The frequency of any cut is given by the
Taylor expansion:
f = f 0(1 + Dil (T - 25 0 C) + D 12(T - 25 0 C)2/2 + D i3(T - 25 0C)/6)
where i = 1,2 or 3 is the mode number. The modes are labelled in order
of decreasing resonant frequency. Values of ( and 0 are displayed
only for D.11 Ml, M2 and M3 refer to P and e , indicating the mode
that is most strongly coupled to an electric field perpendicular to
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-0.2744F-06
-0.2750E-06
-0.2728E-06
-0.9979E-07
-0,6704E-07
-0.4053E-07
-0.5398E-07
-0.1022E-06
-0.1180E-06
-0.1345E-06
-0.156qE-06
-0.187?E-06
-0.215?E-06
-0.3824E-07
-0.4425E-07
-0.5751E-07
-0.5074E-07
-0.3948E-07
-0.9346E-07
-0.1598E-06
-0.3081E-06
-0.?254E-06
-0.2152E-06
(daf/dT ) f
-3.1054F-06
-0. 323E-06
-0.160AE-06
-0. tI82F-06
-0.2133E-06
-0. 26696-06O.2 RF
-0.2 70E-06
-0.2 o0F-06
-0.2 45F-06
-0.2 28E-06
-0.8764F-07
-0.5827E-07
-0.4b15F-07
-0.6;142E-07
-0. 836E-07
-0.1060E-06
-0.1276F-06
-0.1!532E-06
-0. 1857F-06
-0.2152E-06
-0.4406E-07
-0. 090E-07
-0.2613E-07
-0.1755E-07
-6. 663E-07
-0. 126E-06
-0. 1772-06
-0.2172E-06
-0. 277E-06
-0. 2152E-06
'C' for modes 1,2
-0.1067E-06
-0.1338E-06
-0.1608E-06
-0.1864E-06
-0.2106E-06
-0.2331E-06
-0.2536E-06
-0.2688E-06
-0.2743E-06
-0.2728E-06
-0.8640E-O7
-0.575E-0O
-0. 5875E-07
-0.7868E-07
-0.7820E-07
-0.9336E-07
-0.1186E-06
-0.149tE-06
-0.1844E-06
-0.2152E-06
-0.4921E-07
-0.1888E-07
0. 1955E-07
0.2518E-07
-0.4635E-07
-0.1289E-06
-0.1923E-06
-0.2248E-06
-0. 2296E-06
-0.2152E-06
and 3.
-0.1073E-06
-0.1342E-06
-0.1608E-06
-0.1861E-06
-0.2098E-06
-0.2321E-06
-0.2527E-06
-0.2683E-06
-0.2741E-06
-0.2?28E-06
-0.237SE-06
-0.1890E-06
-0.1328E-06
-0.89q3E-7
-0.7sqtE-07
-0.8812E-07
-0.1146E-06
-0.1472E-06
-0.1841F-06
-0.2152E-06
0.1148E-06
0.1282E-06
0.1085E-06
0.4711F-07
-0.4454E-07
-0.1351E-06
-0.1984E-06
-0.2277E-06
-0.2307E-06
-0.2152E-06
----- ~ ---_L- -- _- -- --
-0.4964E-09 
-0.4631E-09
-0.2327E-04 -0.1571F-09
0.1678E-09 -0.133 1F-09
-0.4656E-09 
-0.41FqE-09
-0.6390E-09 
-0.6047f-09
-3.7342E-09 -0.7273E-Oq
-0. 743k-07 -0.7993F-09
-0.82e6E-09 -0.8336E-09
-0.8419E-G9 
-0.9421E-09
-0.8410E-09oD1 
-0.341CF-09
-0.2813E-09 -0.2331E-10
-0.5920E-09 -0.3871E-09
-0.1017E-08 -0.4753F-09
-0.5827E-09 -0.643?E-09
-0.6982E-09 -0.7381E-09
-0.7763E-09 -0.7773E-09
-0.8217E-09 -0.097E-09
-0,8329E-09 -0.8236F-09
-0.8042E-09 -0.8025E-09
-0. 7274E-09D23-0.7274F-09
0.3302E-10 -0.2904E-09
-0.2714E-09 -0.5114F-09
-0.4272E-09 -0.6H13F-09
-30.2827E-09 -0.2483F-09
-0.3499E-13 -n.965,6-11
0.3862E-10 0.4900F-10
-3.8762E-10 -0.744E-10
-0.3340E-09 -0.336ARE-09q
-0.5710E-09 -0.57?3E-09
-0.7271E-09 -0.7271F-09
-0. 1526E-09
-0. 1890E-00
-0.4171E-09
-0.5712E-09
-0.6327E-09
-0. 7677E-Oq
-0. 216E-09
-0.94I4E-09
-0.9 443-09
-0. 410E-09
-0.4432E-09
-0. 5157E-00
-0. 3487E-09
-0.4626F-09
-0.6179E-09
-0.7051 E-09
-0.7651E-09
-0,3003E-09
-0.7170E-09
-0.7271E-09
0. L625E-0
-0. 423E-10
-0. 607F-09
-0.1 02E-09
0.7290F-10
0. 7963E-10
-0. 816E-10
-0.3450E-09
-0. 5756E-09
-0.7271F-0Q
-0.2229E-09
-0.4140E-09
-0.5760E-0O
-0.6812E-09
-0.7592E-09
-0..8152E-09
-0.8497E-Oq
-0.8577E-09
-0. 8492E-09
-0.8410E-09
-0.6542E-0
-0.4416E-09
-0.2238E-09
-0.1978E-09
-0.4742E-09
-0.6008E-09
-0.7004E-0
-0.7697E-09
-0. 7882E-OQ
-0.7271E-0O
0.3210E-09
0.2468E-09
0.7355E-10
0.2295E-10
0,2096E-09
0.1308F-09
-0.8939E-10
-0.3564E-09
-0.5797E-09
-0,7271E-09
-0. 531F-09
-0. 1479E-09
-0. 650F-09
-0. 7482E-09
-3041OIE-09
-0. 519E-0o
-0. 8727F-09
-0. 700F-00
-.3. 523F-09
-0.8410F-09
-0.4416F-09
-0. 2029E-09
-0.4244E-10
-0. 1075F-09
-0. 1498F-09
-0.0077E-09
-0. 434E-09
-0.390F-09
-0.i801F-09
-0.1271F-09O
0.,621F-09
0.2728E-0 -
0.2663E-09
0.t181F-09
0. 741E-09
0. 1.93 9E-09
-0. 8547F-10
-0. 652E-09
-0. 842E-09
-0 72 71F-09
-0.463 1E-09
-0.6135E-09
-0.7128E-09
-0.7836E-09
-0.8392E-09
-0.8702E-09
-0. 868E-09
-0.8771E-09
-0.8544E-09
-0.8410E-09
-0.2307E-10
0.1646E-09
0.1729E-09
-0.6533E-10
-0.266t E-09
-0.4496E-09
-0.6078E-09
-0.7199E-09
-0.7746E-09
-0,7274E-09
-0.2913E-09
-0.2390E-10
0.2806E-09
0.5701E-09
0.5161E-09
0.2534E-09
-0. 7647E-10
-0.3704E-09
-0.5878E-09
-0. 7271E-09
-0.4957E-09
-0.6326E-09
-0. 7268E-09
-0.7955E-09
-0.84 2E-09
-0,8779E-09
-0.8931-09
-0.8806E-09
-0. 8541-09
-0.841 0E-09
-0.2802F-09
-0.9346E-10
-0.1115E-10
-0.6908E-10
-0.2367E-09
-0.4313E-09
-0.5978E-09
-0.,7145E-09
-0.7736E-09
-0.72 74-09
0.3374E-10
0.3176E-09
0.5718E-09
0.6874E-09
0.5749E-09
0.2804E-09
-0.6980E-10
-0.3707E-09
-0.5885E-09
-0.7271E-09
Table I (C). (dSf/dtt)/f 'Cfor modes 1,2 and 3.
1I I
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the crystal plate. A crystal will normally oscillate mainly in
resonance with the strongest mode. e and (P may be plotted on
a polar diagram with e = 900 corresponding to r = 0, e = 00 to
r = 1, and ( as azimuth. On such a diagram values of Dij are equal
for (y,x,w, , P), (y, x,, w ,-99,) and (y,x,w, 't,(9 + 120),.). From
the above, and the equivalence of Dij for (y,x,w,t,((P + 180),- ),
(y,x,w,A, ,e) and (y,x,w,, , 9 + 180), it may be seen that all
possible Dij values are included in the range 0 ~ ~ 600,
O <e 1 900 .
The LC crystal design is based on the low values of D32 and D33
near = 100, 0 = 100. A constant frequency AT cut, as was used
for heterodyning with the LC cut, makes use of low values of D31 and
D3 2 near E = 0, = 350. This combination, therefore, has only
one non-linear term, namely D3 3 .
Near c9 = 500, e = 100 (mode 3) and ( = 500 ,  = 300
(mode 2) both second and third order terms match. Likewise another
match occurs near = 30 e = 400 (mode 1) and 9 = 0, = 90
(mode 3) or (P = 60, o = 90 (mode i). If these cuts were heterodyned
in pairs, the difference frequency would contain almost no second or
third order terms. Unfortunately the linear terms would be only about
-1
15 ppm oC . These predicted orientations are not exact, but a search
over a small range of q and 0 would probably yield an exact match.
The sensitivity would be less than half of the LC - AT pair. The
above choices appear to be the only ones available with the limitation
that choice is restricted to the strongest mode for a crystal driven
by a normal field.
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The possibility of using pairs for which only the second order
terms are matched has not been examined closely, although it is easy
to see that pairs could be selected with a linear sensitivity equal to
or greater than that for the LC - AT pair and having a combined third
order term of similar magnitude to D33 for the AT cut.
-l
Maximum sensitivity would be attained using D31 =-97 ppm C1 at
= 00, = 70 and D31 = +93 ppm oC- 1 at 'P = 00 ,  = O0 or
S600, = 00o, giving a combined coefficient of 190 ppm oC- 1
Here the choice has been limited to the strongest mode. The above
combination at 50 MHz would give a change in difference frequency of
104 Hz oC-1. It is perhaps necessary to include the caution that not
every cut will behave as predicted in Table 1. At least one case has
been quoted in the literature where an oscillator frequency changed
discontinuously with temperature because of coupling between modes
having different temperature coefficients.
C. Stability and Accuracy
A good sensor must be stable. A great deal of the technology of
quartz oscillators became public as a result of the need to rapidly
increase production during World War II. Sources of data are Cady
(1964), Heising (1946), Mason (1950), Buchanan (1956), Gerber (1966)
and conference reports on frequency measurement and control.
It was early observed that crystals age, the usual effect being
a slow increase of frequency. This is ascribed to loss of mass as
the crystal sheds flakes loosened during lapping. This effect is
reduced by a final chemical etching after lapping. From a great
15.
many experiments, usually with low temperature coefficient crystals,
a reasonable estimate is possible of the extent to which aging can
be reduced.
Miniature crystals are desirable for temperature sensors to in-
crease response speed. They are not ideal from the point of view of
aging, although they have an advantage for resistance to shock. Com-
mercial practice favors units sealedinglass or sealed in metal envelopes
by a cold welding process to preserve cleanliness. Aging rates as
-9
low as 10 per day have been obtained. Benjaminson (1965) in dis-
cussing the h p crystals quoted a zero shift of less than 0.010C per
month (continuous oscillation) which corresponds to an aging effect
of about 0.1 ppm per week. Well constructed crystal units with some
selection and preliminary aging should be capable of meeting this
level of performance, judging from other data on crystals for mobile
equipment. For lowest aging rates, crystals should be driven lightly,
and high temperatures avoided.
It is claimed that the linearity over the range 0 to 100 0 C can be
restricted to less than a few millidegrees. It is expected that zero-
shift caused by aging does not alter the temperature coefficients, be-
cause these depend almost wholly on the crystal orientation.
The truth of this, and the rate of aging has not been determined
experimentally in this investigation, apart from the observation that
over the short period of operation, the differential aging was less
-8
than 10-8 per day. While it is true that the crystal mounts must
have some bearing on frequency, it is likely that only fairly lengthy
and detailed experiments would provide evidence of changes in the
16.
temperature coefficients. One approach would be to run the oscil-
lators continually for several weeks or months and then recheck the
intercalibration and ice points. This has not been done, primarily
because the expense of initial calibration deterred a deliberate
attempt to degrade the calibration accuracy until an analysis of re-
sults from actual field use had been made, especially in view of the
fact that a large body of data is available on the aging performance
of communications crystals. In fact, the crystal temperature sensor
is from its inception a fairly sophisticated device, whose further
development will most probably be modest, depending substantially on
the research effort in telecommunications.
D. Preliminary Tests
Some preliminary testing was done with a 2832 A oceanographic
sensor to gain experience with its characteristics. This sensor is
briefly described below.
Power was supplied by a 12.5 volt battery in series with a 120 ohm
resistor, across which the a.c. output was generated. Excluding the
power dissipated in this external resistor, the total power was about
180 mW. To augment this internal dissipation, when required for simu-
lation, an external heater of 300 mW was taped to a small section of
the sensor case which was identical to that shown on the left hand
side of Fig. 1.
A number of measurements were made with the probe in baths of
moist chipped ice. It was found that although steady state conditions
could be approached, any movement of the probe caused a fall in
17.
temperature. Sometimes the temperature would then begin to rise.
These observations are ascribed to an initial disturbance increasing
the heat transfer to the ice, but also enlarging the water layer sur-
rounding the probe. Heating of this layer would explain the rise.
Experiments were also made in which the probe was switched on
and off every five minutes. The initial frequency readings defined
a steady base line but the frequency increased during each "on" period,
indicating self heating. The effect was augmented by also turning
on the heater.
The self heating effects observed,which were of the order of 1 to
10 moC, made it clear that a calibration accuracy of 1 moC could not
be approached using stationary methods. The sensors to be used sub-
sequently had already been ordered at this stage. These differed in
that a much reduced internal power dissipation was specified, as
difficulty with self heating of the 2832 A had been expected. Some
consideration was given to designing the instrument to apply power
So the quartz crystals only when required, but this idea was not adopted.
Intermittent operation of high precision quartz oscillators is best
avoided if possible.
Time constant measurements in a stirred bucket of water yielded a
time constant of about 3 seconds for moderate movement of water past
the probe, and longer times with slower flow rates. For zero flow the
time constant was about 20 seconds. The disturbing effects of the
probe heat on the medium made the latter result a little doubtful.
Some tests were also made on a 2850 A probe using Dymec laboratory
equipment. This is a thin-walled probe with a time constant of about
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1 second. During an inconclusive search for hysteresis in which the
probe was alternately cycled between a water bath at room temperature
and an ice bath, a rather curious phenomena was observed. The tem-
perature displayed by the Dymec instrument would fall towards the ice
point and overshoot by about 6 moC, a result difficult to explain.
The instrument was running continuously with nothing altered except
the probe temperature. The laws of heat flow do not permit a tempera-
ture overshoot, and yet the frequency overshoot seemed real. It was
concluded that the crystal oscillator frequency was governed to a
small extent by factors other than the crystal temperature, for
example, stresses caused by the crystal mounting.
E. Description of Quartz Sensors
The sensors used were modifications of the type 2832A sensor.
The latter incorporates an LC sensor crystal and an AT reference fre-
quency crystal both with associated oscillators. A mixer produces a
4ifference frequency signal which is the output. In the modified form
each case contained a single crystal and a two transistor oscillator.
The three oscillators will be referred to by the labels Tl, T2 and
REF. As represented in Fig. 1 the three units were of similar
appearance except that the crystal of Tl was mounted inside an exten-
sion probe for reasons that are discussed later.
Table 2 contains certain calibration and specification data.
XSG -2 - BCL-
(VECTOR CABLE)
LARGER PIN GD
BUMPER
1.5 " O.D.
ALUMINUM CASE
S. STEEL
EXTENSION
QUARTZ CRYSTALS
,v28.2 mHz
0.125" O.D.
T2 AND REF
FIG. 1. QUARTZ SENSOR OSCILLATORS
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TABLE 2
Quartz Sensor Data
Serial Number
HP-2832A-Ml5-546-00117
HP-2832A-M15-546-00116
HP-2832A-M16-546-00118
Specifications
Long term stability:
Pressure case rating:
Case material:
Input/Output plug:
Input:
Drift less than + 0.010 C per month
10,000 PSI
7075-T6 Aluminum-deep anodized
Marsh and Marine Co. (Vector Co.) XSG-2-BCL
+12 volt DC through a 120.L external resistor
to small pin
Calibration of REF Frequency
Temperature OC
0
5
10
15
20
25
30
35
40
Frequency MHz
28.187691
28.187696
28.187691
28.187688
28.187672
28.187650
28.187628
28.187607
28.187586
Sensor
T1
T2
REF
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F. Vibrotron Pressure Gauge
The Vibrotron gauge is an instrument in which the action of
pressure against a diaphragm reduces the tension and oscillating
frequency of an electrically driven vibrating wire. It has been
under development for several years by a number of research groups,
including the United Control Corporation, the present manufacturer
(Lefcort, 1967). Its present level of performance is more precise
than is required by many users of pressure transducers, although
oceanographers still seek improvement.
Calibration data and specifications are given in Table 3. The
Vibrotron has not been specially investigated here, although some
remarks on the performance arising from the data are made later.
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TABLE 3
Vibrotron Pressure Transducer
Specifications
Model 8150
Range
Output frequency
at 700 F
Repeatability
Hysteresis
Time constant
Output voltage
Input power
Max. overpressure
Pressure fitting
Serial 179
0 - 15,000 PSI
IRIG Channel A. Zero pressure frequency
25,190 +75, Bandwidth 5610 +330 Hz
Within + 0.1% of full scale at 700 F
0.5% of full scale max. range to 7500 PSI
0.75% of full scale max. range to 10,000 PSI
1.0% of full scale max. range to 15,000 PSI
Less than 10 2 sec
6 +1.5 volts p-p with Model 810 amplifier
12 v. DC, 5 niA
150% of rated max.
No. 2, 1/8 in. o.d. tubing, 5/16-24 UNF-3A
Calibration
Pressure PSI
0
1,500
3,000
4,500
6,000
7,500
9,000
10,500
12,000
13,500
15,000
Frequency
25,234
24,723
24,193
23,649
23,095
22,514
21,940
21,338
20,722
20,088
19,432
Frequency T
25,234
24,709
24,174
23,628
23,080
22,494
21,910
21,307
20,699
20,075
Temperature Effect
fO
25,316
25,234
25,175
TOF
32
75
105
f1 5 0 0 0
19,566
19,432
19,337
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III. DESIGN
A. General Considerations
In essence the purpose of the design was to achieve an instru-
ment that would use quartz sensors to the limit of their capability
in measuring small temperature variations existing in the deep sea.
If possible, absolute accuracy should be achieved as well as rela-
tive accuracy, which will be referred to as precision. These require-
ments, together with other practical considerations, impose a web
of interacting conditions governing the selection by compromise of
a system.
Because the quartz sensors provided an opportunity to make very
precise measurements, and because part of the purpose of the investi-
gation was to determine the behavior of the sensors, it was decided
to check two sensors against each other. Experience with type 2832 A
sensors had lead to the expectation of self heating affecting the
calibration. An obvious improvement would be to thermally decouple
the crystal from the electronics. Instead, it was decided that an
improvement could be made by having only one crystal in each package.
This reduced the power generation in the sensor unit, and enabled
the performance of sensor and reference crystals to be monitored
separately if required. The final arrangement was two sensor units
and a common reference unit. By a switching circuit either sensor
output could be mixed with the reference output. In this way the
difference between temperatures measured by the two sensors depended
only on the relative behavior of the two sensor oscillators. Later,
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after another Institution had borne the brunt of design costs, one
of the sensors was modified by enclosing the crystal in a separate
container joined to the oscillator case by 4" of 1/8" o.d. stainless
steel tubing.
A basic decision was to use internal recording to avoid the
procurement and logistic problems associated with electric cables.
A photographic system was chosen because of its low initial cost,
although it was realized that a digital tape recorder would be a
better choice if large amounts of data were to be collected. It was
decided to use 16 mm film (100 ft film length). A film system pro-
vided the opportunity to check data aboard ship, both to detect un-
expected phenomena and to see that the instrument was functioning.
A decision was also made not to record binary data, which is difficult
to comprehend in large quantities. Instead, decimal numerals were
displayed by a miniature projection type of readout. Another basic
decision was to record period rather than frequency. The quartz sen-
sor signal, after mixing with a reference signal gave an audio fre-
-i
quency that changed by 1 k Hz C-1. For a 10 second counting period
in a frequency meter with a + 1 count error, the temperature error is
-4
not less than + 10-4 oC. Although special circuitry could be devised
to avoid the + 1 count error, the additional complication would be
unwelcome.
Alternatively, by measuring period, for instance microseconds
per fixed number of cycles, the effect of the least count error can
be greatly reduced. The system chosen was governed by the facts that
the Vibrotron output was in the range 25 k Hz to 19 k Hz (0 to 104
2..
decibars respectively), the quartz sensor temperature coefficient
-i
1 k Hz oC , and the desired temperature range was - 2 to 300C.
By choosing a 20 k Hz offset at 00C, the temperature signal is
placed in the range 18 k Hz to 50 k Hz. For a given preset signal
count, the variation of microsecond counts (period = microsecond
count/signal count) is kept below three. This means that the per-
centage error caused by the + 1 counting error is variable, but
not over too great a range.
The repetition rate was set partly by the fact that five hours
of data at one second intervals could be recorded on a spool of
film. This time period seemed appropriate for a deep cast. Four
channels were chosen, each channel being sampled consecutively. This
allowed two temperature channels, one pressure channel and a spare
channel for internal monitoring or for subsequent use with an addi-
tional sensor, e.g. a salinity sensor.
Thus each temperature sensor could be sampled once every four
seconds, a figure reasonably matched to the sensor time constant,
which was expected from observations of the 2832 A sensor to be close
to four seconds. Subsequent data on time response suggested that more
information could be gained by increasing the sampling rate perhaps
twofold or fourfold. Using only one temperature sensor would, of
course, permit the rate to be doubled.
These considerations set the recording cycle at one second. By
choosing a preset count of 12,300 signal cycles, and a clock rate of
1 M Hz, the microsecond count varied from approximately 685,000 Vsec
(at 18 k Hz) to 245,000 lsec (at 50 k Hz). Camera film winding took
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place concurrently and was finished 29/40 sec after the start of
counting. This left 11/40 sec clear for operating the display unit
whose incandescent lamps required about 0.1 second for heatup time.
With this choice, at OOC, the signal frequency is 20 k Hz, the
microsecond count is 615,000, and the temperature error corresponding
-5
to a + 1 count error is + 3 x 10 oC. This error increases
-4
quadratically to + 2 x 10 oC at 300C. In practice the lower figure
-4
was degraded to 1 x 10- 4 oC. Interaction of the two sensor oscil-
lators through the switch leading to the mixer caused modulation of
the zero crossing times. The practical advantage, then, of measuring
period is that the same accuracy can be achieved with less than one
tenth of the counting time required for direct frequency measurement.
A significant loss is that the period is inversely related to tempera-
ture, but since the computations were to be reduced by computer this
inconvenience was accepted. Consequently, no fundamental use was
made of the linearity of the quartz sensor outputs.
/ To make the spare recording channel fully useful, provision was
made to prewire the instrument so that any channel could also accept
a low frequency signal. Instead of 12,300 signal cycles, a preset
count of 510 was also available. Useful signal frequencies for the
lower count lie in the range 750-2500 Hz. The choice is somewhat
arbitrary, but this is the range where the high permeability cores
used in inductively coupled salinometers and in ratio transformers
work most accurately.
Estimates of the number of integrated circuits necessary to
perform the electronic functions showed that the power requirements
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would be quite high (of the order of 10 watts), using cheaper types
of available medium power units. Epoxy sealed Fairchild units were
chosen for use with a clock oscillator of 1 M Hz.
In retrospect two remarks can be made. Firstly, provided good
isolation between the Vibrotron and mixer outputs was achieved and
each quartz sensor had its own reference oscillator and mixer, it
would be possible to achieve better temperature resolution. A
faster repetition rate could be achieved as well by using a higher
clock frequency. However, this might not necessarily be easy, be-
cause as an engineers rule of thumb, the cross over point between
little and much trouble with circuit interference is between 1 and
10 M Hz. The Fairchild circuits did not give trouble by noise
interference or other defects; however they were of the "resistance
transistor logic" type which is inherently more sensitive to noise
than "transistor transistor logic" types.
Secondly, the question of using lower powered logic gates would
be reconsidered if the system was rebuilt. The market costs of
integrated circuits and the availability of complex function cir-
cuits are quite different now than even two years ago.
To meet the current requirements, rechargeable nickel cadmium
batteries were chosen. A common type (D size) cell was used. These
cells were available with nominal ratings of 4 amp-hours, a value not
excessively derated when the charge is drawn at the one ampere rate,
or when the temperature is 0 0C. They possess low internal resistance
and a long cycling life, especially if they can be used without
exceeding 75% discharge.
28.
A preliminary design showed that all components could be fitted
inside a reasonably portable pressure case. At first, a 4" i.d.
aluminum alloy pressure housing was specified, but later the choice
was changed to stainless steel, the supply of which was more readily
assured.
B. Integrated Circuits
Most of the circuitry consists of Fairchild "micrologic" integrated
circuits and switching transistors. Although a large number of logic
gates are involved, only three different types of integrated circuits
have been used. The complete circuit can be regarded as combinations
of a small number of basic circuits. These basic circuits will be
described below.
The three types of integrated circuit are represented in Fig. 2
by diagrams adapted from the Fairchild R T ji L Composite Data Sheet
S L - 218. In this diagram the functions are described in terms of
H and L logic values, represented by high and low voltages. H and
L are used in this sense throughout. A grounded input remains in the
L state. Subsequently, the initial 9 of the type designation is
omitted.
Subject only to certain loading rules governing the possible
number of inputs that can be driven by an output, and to the pre-
vention of excessive stray coupling between circuit lines, these
integrated circuits can be combined at will to perform any desired
logic operation.
The 923 flip flop is guaranteed to operate to 2 M Hz over the
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temperature range 15 - 550 C. Propagation delays through the 900
and 914 gates are of the order of 12 nanoseconds.
All of these circuit elements are guaranteed to operate with
an input voltage of +3.6 + 10% applied to terminal 8 relative to
zero volts at terminal 4. This voltage tolerance should not be
exceeded for the flip flops, although the requirements for the gates
are much less critical. Because the flip flops were to be used at
temperatures down to -20C,which is outside the specified range, the
voltage tolerance was checked by an environmental test. In fact,
self-heating would prevent the flip flops from reaching ambient
temperature. The epoxy packaged integrated circuits all had a similar
appearance. A flat surface on the circumference referenced the No.
8 pin. It is important to note that in Fig. 2 the pin numbering re-
fers to a plan where the circuit is viewed from above the cap. The
8 pins are symmetrically placed on a 0.2" diameter circle.
A J K flip flop is a versatile element for generating and storing
logic values. In Fig. 2 the flip flop is driven by a H to L transi-
tion applied to 2 (clock pulse). The set and clear states refer to
a time immediately preceding the (N + 1)th clock pulse, and Xn refers
to the state after the Nth clock pulse. A value of H on pin 7 will
always be taken to represent a "one" when using the flip flops for
binary counting. A H applied to 6 resets the 923 flip flop to "zero".
The set and clear lines determine what action a clock pulse will
have, but cannot affect the output in the absence of a clock pulse.
Voltage levels at pins 7 and 5 are always complementary.
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C. Basic Circuits
Fig. 3 shows a selection of basic circuits.
Complementer (A)
The mode of operation follows directly from the function table
for the 914. With 5 grounded, i.e. L, the output at 6 is the logical
complement of the input at 3. In the upper gate, if 2 is H, then 7
is L, regardless of the state of 1, and the gate is said to be "closed".
With 2 in the L state, the gate is "open", but the output is the com-
plement of the input.
Multi-input gates (B)
These can be obtained by linking 6 and 7 to give a 4-input gate
as in the top half of the diagram, or by linking additional units
having no Vcc supply to pin 8. Linkages of this type increase the
output drive available, which means that they can be useful as buffers.
The output of a multi-input gate is H, if and only if, all the
.nputs are L.
Pulse generator (C)
This may be constructed by connecting a resistor (3k < R < 12k)
from the supply voltage to one of the inputs. If the current through
this resistor is sufficient the output terminal 6 will be L. For input
1 normally L, the output at 7 will be H. A positive pulse of short
or long duration to input 1 will cause the voltage at 7 to fall,
diverting base current from 5. At this point the output at 6 becomes
.H, and since 6 is connected to 2, the original H on 1 is reinforced
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by H on 2. This situation holds until the capacitor approaches a
new steady state and current again flows to 5 causing 6 to return
to L together with 2. If 1 is L at this time the circuit has re-
turned to its initial condition. But if 1 is H, 7 will still be L.
When 1 returns to L, 7 returns to H without affecting the output of
6, again restoring the initial conditions. In brief, a pulse of
duration governed by the time constant R C is generated following
a change from L to H at the input terminal 1. The output pulse
can be prevented by keeping 3 in the H state, instead of grounded.
Cross Coupled Gate (D)
Consider the final gate shown in (D). If terminal 3 is L, then
the output of 6 will be the logical complement of the input to 5.
But if 3 is H, the output of 6 is always L. This stage functions
as a gate controlled by 3.
Consider now only the middle circuit. If the inputs to 1 and
3 are normally L, then the outputs 6 and 7 must complement each
other, because of the cross coupling. A H, steady or pulsed, on 1
will switch the output of 7 to L, if it is not already L, where it
will remain. A corresponding statement applies to input 3 and out-
put 6. If both 1 and 3 are pulsed H, both 6 and 7 switch to L.
But if 1 and 3 then return to L together, the output state of 6 and
7 is indeterminate in that either 6 or 7 may become H with the other
L. The first stage provides two complementers; although the pins
1 and 5 are cross coupled to the output pins, they could just as
-well have been grounded. Table 4 shows input and output states for
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TABLE 4
Logic Table for Cross Coupled Gate
State Input to Stage One Output of Stage Two
2 3 6 7
A H H No change if previous
state was A,B,C. Inde-
terminate if previous
state was D
B H L L H
C L H H L
D L L Not allowed
the first and second stages respectively.
With 2 and 3 of the first stage both normally H, a L pulse
applied to 3 will cause the output pin 6 of the second stage to
become L, allowing the third stage to pass a signal applied at 5.
Further L pulses applied to 3 have no effect, but the first L pulse
applied to 2 will close the third stage signal path.
Binary Scaler (E)
.This circuit demonstrates the simplest combination of type
923 flip flops. Every time the input at 2 falls at sufficient speed
from H to L the state of the output terminals 5 and 7 reverses. A
square wave input yields a square wave output at half the frequency.
A H pulse applied to 6 sets 7 to L. This is said to reset the flip
flop to zero.
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Lamp Driver (F)
The diagram shows a 914 gate driving a 2N 697 silicon npn switching
transistor. When any of the gate inputs is H, the output is L and
the transistor remains off. This circuit should not be used without
a base resistor to prevent overloading the gate. The circuit worked
as shown in trials, but some trouble was experienced later.
Biquinary Scaler
Fig. 4 represents a more complex circuit utilizing type 923 flip
flops. The quinary circuit is described in the Fairchild Application
Bulletin 120: "Using J K Flip Flops in Small Modulo Counters". This
has been combined with a gate used as a buffer amplifier, and a binary
scaler. The resulting circuit can be reset to a state defined as
zero. Wave forms for successive states are shown in Fig. 5. Here
the flip flops are referred to by numbers,and pins are identified
by subscripts. Because the buffer inverts, it is driven from terminal
5 of the binary flip flop, so that the input 12 is the same as the
output 4 7. Ten 3-input gates are sufficient to decode the flip flop
outputs. For example, the numbers 4 and 5 are uniquely characterized
by the fact that 27 is H and 37 is L, implying that 25 and 37 are
both L. Whether the count is 4 or 5 can be decided from the state
of 47.
If any one of the five states of the quinary circuit is chosen,
and the voltage levels at terminals, 1, 3, 5 and 7 of the flip flops
1, 2 and 3 are determined from Figs. 5 and 4, it will be found from
the function table in Fig. 2 that after a H to L transition on the
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common input line, the quinary switches to the next state shown.
This accounts for only 5 of the 8 possible combinations of output
states for three flip flops. Starting initially from any of the
other three possible states leads to a sequence that joins the
quinary close-loop cycle after either one or two steps. The 3
non-loop states never occur if the counting sequence always begins
from the zero count, and if they did occur on account of noise,
they cannot cause a spurious loop condition.
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D. The Circuit
The circuitry designed for processing the signals and generating
the display data for photographic recording is shown in Fig. 6. Only
the main circuit boards, which are double-sided with plated-through
holes, are shown.Connections between all circuits are shown in Fig.
7. Since there are so many elements, these figures can be more
easily described with reference to the block diagram in Fig. 8. To
analyze the circuit of Fig. 6 in detail, it is recommended that it
should be drawn out in functional form, similar to Figs. 2 and 3.
A number of key wave forms are drawn in Fig. 9. The progression
from block, to functional, to actual form (Fig. 6) follows the design
method used.
The upper right-hand block in Fig. 6 is called the Control section.
The elements in this, and the other three sections, will be referred
to by a matrix notation. If it is necessary to distinguish between
the upper or lower gate, the appellation u or t is used. Individual
terminals are denoted by a subscript. Fig. 8 reveals at a glance the
purpose of some of the gates referred to. In Fig. 8 the symbol *
represents a gate, with the upper and lower arrows representing the
control signal paths for opening and closing the gate.
In the Control section (1,4) and (1,5) are type 900 buffer cir-
cuits, (3,1) through (4,5), (5,2) through (5,5) and (9,1) through
(9,5) are 923 flip flops and the remaining circuits are 914 gates.
Circuits (1,1) and (12,1) have additional components as shown in
Fig. 3c.
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Circuit (1,1) generates a positive going (p.g.) pulse of fixed
duration when driven by a positive voltage step at the beginning of
each recording cycle of one second. Circuits (1,2), (1,3), (1,4)
and (1,5) amplify the pulse power available at outputs 60 and 59.
A complementary signal (momentary fall to L) is also available from
(1,3) to switch (2,3) 4 to L, thus opening the gate (2,4) t which
receives the transducers signal via 58.
The same negative going (n.g.) pulse also opens the gate (8,5) L,
supplying a 40 Hz signal to the motor register. The p.g. pulse on
59 is taken to 57 and 52, resetting to L the number 7 terminal of
all flip flops, i.e. setting the registers to zero. Following the
reset to zero at the beginning of the pulse, (6,5) generates a
n.g. pulse that closes the gate (7,3) t should this be spuriously
open at the beginning of the cycle. The p.g. pulse is also inverted
in (10,1) and applied to close the gate (10,5) should it be spuriously
open. Further, the p.g. pulse is inverted toan.g. pulse by (11,3) u
to close (11,3) t.
These initializing actions, some of them redundant, set the cir-
cuits for a recording cycle to proceed. With (2,4) open, the trans-
ducer signal coming through the commutator operates the binary counting
gate register flip flop chain consisting of (4,1) through (4,5), (3,1)
through (3,5) and (5,2) through (5,5) in that order. On the count
of five the output of (6,2) becomes H. This is complemented by (7,3) u
and the cross coupled gates (7,1) and (7,2) cause (7,3) 4 to open,
permitting a 1 M Hz clock signal to pass to the 6 decade biquinary
counter via 55. This delay of 5 counts was designed to provide a
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decay period for any noise spikes associated with the beginning of
a cycle. Gate (6,2) also gives an H output for counts of 13, 29, 45
etc., but these cause no action of the cross coupled gates.
If 56 is H, the output of (6,3) is always L. But if 56 is L,
the output of (6,3) will first become H on the binary count of
1000000011 = 515. At this count the output of (6,2) is L. The H
output of (6,3) is complemented by (6,5) and by (2,4) u, closing
the gates (7,3) t and (2,4) Z respectively to prevent further counting.
The same set of signals that are used to switch between commutator
channels are used to determine whether the gate register count will
halt at 515.
If these signals determine that 56 is H, the count does not stop
at 515 but goes on to 11000000010001 = 12,305,when the output of
(6,4) becomes H. This H is complemented to L by (6,5) and (2,4) u,
closing the gates (7,3) and (2,4) Z respectively.
Summarizing, the 6 decade main register counts the number of micro-
seconds per 510 or 12,300 transducer signal cycles with a counting
error of + 1 jsec.
In a similar fashion the motor register counts 40 Hz pulses
derived from the clock. The output of (8,2) first goes H on a count
of 2, opening the gate (10,5). At a count of 11101 = 29 the output of
(10,4), (11,4) first goes H, causing the gates (10,5) and (8,5) to
shut after exactly 27 cycles have been transmitted to the motor
through (10,5). The shutting of (8,5) prevents further counting in
the motor register.
In addition the H output from (10,4), (11,4) fires the monopulse
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circuit (12,1) whose p.g. pulse is power amplified by (12,2) and
inverted by (12,3) p. to give a n.g. pulse that opens the gate (11,3).
If the gate (2,4) t has already shut, i.e. the gate register has
finished counting, and the output of the monopulse circuit (12,1)
has returned to a quiescent L state, the output of (12,3)t becomes
H. The output of (11,3) also becomes H. This causes L and H out-
puts from (11,5) and (11,5) t respectively. The L from (11,5) is
one input to the gate (12,5) whose output line 47 is used to control
the supply of voltage to the decode and display circuits. The other
inputs could be used in a number of ways. The method chosen is to
ground 45 and 46 and switch 44 to L during the last half of each
recording cycle of one second. This application of voltage acts
effectively as a READ signal.
In brief, the gate (11,3) permits the illumination of the display
lamps only if the motor has finished advancing the film, and the
gate (3,4) { has closed (i.e. the gate register has finished counting).
Normally the power is applied to the decode and display circuits for
11/40 of a second following completion of motor movement. The display
time could be reduced by applying additional signals at the spare
inputs to (11,5) and (12,5). The recording cycle is repeated every
second, although the clock circuit could be prewired to allow 1
second recording cycles every 2, 4, 8 or 16 seconds.
The motor moves according to a fixed schedule, but the time of
closing of (2,4) 1 depends on the frequency of the transducer signal.
If the frequency is below the design limit, the lamp display time is
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curtailed or may be zero. In the latter case the next recording cycle ini-
tiation pulse closes (7,3) 4.
Clock Circuit
Fig. 6 shows the Clock circuit at the upper left corner. Here
all the circuits are type 923 flip flops except for the following,
(1,2) (2,2) (3,2) (4,2) (5,5) (6,1) (7,2) (8,4) (9,2) (9,4) (10,5)
(11,1) (11,2) (11,4) and (11,5) which are 914 gates. The clock pro-
vides a number of synchronous wave forms. Provision is made for 50 k Hz,
40 Hz and 1 Hz signals from a 1 MHz input.
The dividing circuits consist of binary and quinary elements with
intermediate buffers where necessary. For example (2,1) is a binary,
(2,2) an inverting buffer, and (2,3), (2,4) and (2,5) form a quinary.
Together these elements operate to divide the input frequency by 10.
The first row is identical, but is carried only as a spare, to be used
for modification or repair purposes.
Rows 3 and 4 are decade dividers and rows 5 and 6 are quinary
dividers. Square wave signals of 50 kHz and 40 Hz are supplied to
terminals 4 and 41 respectively.
Further division of frequency by 10 and then 4 takes place in rows
7 and 8. Terminals 7 and 40 carry complementary square wave signals
of 1 second period. A lead from 7 to 8 causes the chain of two flip
flops of row 9 to go through a switching cycle with four steps. This
cycle is used to select one channel from four in the Commutator (see
below) by means of gates driven from 35, 36, 37 and 38. A lead from
terminal 40 to the Control circuit triggers the pulse generator and
initiates a new measurement cycle.
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Rows 10 through 12 provide additional circuit elements for use
when a less frequent sampling rate is required.
Suppose, for example, a measurement rate of one reading per 16
seconds is required. The flip flop chain (10,1) through (10,4) is
driven from 7. Every 16 seconds there will be a 1/4 second period
when the number 7 pins of (8,1) (8,2) (10,1) (10,2) (10,3) and
(10,4) are all H, and the number 5 pins all L. Following this
interval, the same number 7 pin voltages will all switch to L at
the same time, the beginning of the 1 second duty period. A six input
gate (12,1) and (12,2) is used to detect the 1/4 second interval
described above, by taking inputs from the number 5 pins. This signal
is used to switch on power to the other circuits. The Clock circuit
must run continuously. A four input gate (11,5), with inputs to pin
7 of (10,1) through (10,4), detects the one second duty cycle and
keeps the power on. The Control circuit is initiated by a normal
signal from 40 at the beginning of the duty cycle. A two input gate
(12,4) t driven from the output of the four input gate and terminal
7 (from 8,2) detects the last half second of the duty cycle to provide
a signal useful for reading the main counter. Row 9, which supplies
the Commutator signals, is driven from (10,4) 7. Sampling rates
of one reading per 8, 4 or 2 seconds can be obtained by using fewer
of the additional binary circuits (10,1) through (10,5), and grounding
appropriate inputs on the time selector gates.
Commutator
Ail the circuits of this section are 914 gates except (6,1) (6,2)
and (6,3) which are 900 type buffers and (6,5) which is a 2N697 transistor.
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Socket (1,5) is unused.
The lines 86, 84, 85 and 87 are driven by the commutation signals
from 38, 37, 36 and 35 respectively. These lines form two pairs
with the members of each pair having complementary logic values. The
frequency of one pair is one cycle per two seconds and the frequency
of the other is one cycle per four seconds. With the combination of
input lines shown, only one of the gates (1,1) through (1,4) has an
output L, which opens one of the gates (2,1) u, (2,1) Z, (2,3) u or
(2,3) Z. Thus all of the inputs to (2,2) are low except one which
is feeding a transducer signal from one of the four lines 76, 77, 79
or 80. The selected output is transmitted via 78 to a pulse shaping
circuit consisting of (4,1), (4,3) (not shown, see below) and (4,4).
Ultimately the transducer signal must drive a flip flop scaler, which
counts when the input line falls rapidly from the H to L state. Some
difficulty was met in obtaining pulses from the transducer signal
with steep enough edges to trigger the flip flops, although no dif-
ificulty occurred when driving one flip flop by another.
Trials were made with the cross coupled gate of Fig. 3(D) used
as a pulse shaper. Finally a regenerative monopulse circuit (Fig.
10) was demonstrated to be adequate. This is simply a more powerful
version of the monopulse circuit in Fig. 3(C), driven by a buffer.
Sockets (5,1) (5,2) (6,1) (6,2) (6,3) are spares. The circuit
(5,5) was included to drive a transistor connected to one of the
display lamps (No. 11 with red light output) as a marker to register
the commutator state. This circuit was not connected for use.
The blank space on the Commutator board is occupied by a
914 (3) 4.7 K
I00 PF
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detachable fuse board with a 15-pin plug. Pigtail fuses are soldered
directly to terminals on this board. Details of connections may be
seen in Fig. 7, but in this diagram the fuse board and plug are shown
physically separated from the Commutator board.
Six Decade Biquinary Counter
This is labelled BQ in Fig. 7. In the first decade, (1,1) is
the binary flip flop, (1,2) is a 914 used as a buffer and (1,3) (1,4)
and (1,5) are flip flops in a quinary circuit. Five more 914 circuits
(2,1) through (2,5) are used as buffers. Eight outputs, which account
for all of the four flip flop outputs, are taken from the buffers
to the decoding circuit. For design purposes the lines from pin 7
of each flip flop were labelled 4, 1, 2 and 3 respectively, reading
the row from right to left. These were assigned the colors green,
brown, white and black. Complementary lines from pin 5 labelled 4,
1, 2 and 3 were assigned colors blue, yellow, orange and gray.
The operation of the biquinary circuit has been described. Each
decade supplies a signal to the following decade in the chain.
E. Decoder and Display Circuit
Each decade display system has one lamp for each numeral. Voltages
were applied to the correct lamps of each decade by means of two
circuits of the kind shown in Fig. 11.
In one case the input lines reading from top to bottom were 3, 1,
+3.6v, 2, 1 READ 4, 4, GD, and in the other case 3,2 +3.6v, 1, 2, READ,
4, 4, GD.
The input lines to the gates operating the switching transistors
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are shown in Table 5.
TABLE 5
Decoding Circuit Data
Transistor Gate Inputs Numeral Color of
Output Lead
a 314 READ 0 black
b 314 " 1 brown
c 124 " 6 blue
d 124 " 7 violet
e 214 " 5 green
a 324 " 8 gray
b 324 " 9 white
c 214 " 2 red
d 214 " 3 orange
e 124 " 4 yellow
Depending on whether the rightmost transistor is to read a 4 or
5 digit, the upper or lower optional line (dotted in Fig. 11) must
be used and the other broken.
It may be seen from Fig. 9 that the 4, 4 lines distinguish odd
from even numbers. Only two lines are necessary to uniquely define
the state of the quinary circuit. Consequently ten 914 gates, used
with 4 inputs, were adequate to decode the decade state, and still
allow gating by the READ line. However, the latter was permanently grounded.
This circuit does not meet the specifications for guaranteed opera-
tion of the integrated circuits because of the excessive loading
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of the 914 gates. Originally the lamps were to be driven at 6
volts using 900 buffers in place of the 2N 697 transistors. However,
the lamp requirements of about 120 mA were not met, and the design
was altered to that shown. This circuit operated in breadboard
testing, but faults appeared in final testing. Malfunctioning by
reason of the partial turn on of several lamps in each decade could
occur with a full 6.0 input. This was avoided by reducing the supply
to 4.2 volts. Another fault was that the six decade counter mis-
counted if the decoding circuit was also operating. This was remedied
by making a change in the main control circuit so that the decode
and display circuit supply voltage was only applied after the main
counter had finished counting. Most likely, this fault was caused
by the fact that the input lines to the decoding circuits from the
six decade counter were packed together in closer proximity than is
recommended. With strict obeyance of the integrated circuit loading
and lay out conditions, these faults would presumably not occur.
F. Oscillator Circuit
A Tracor oscillator provided the basic timing frequency. It was
mounted on a small fiber glass circuit board with an octal base.
Additional components as shown in Fig. 12 were mounted on the same
board to convert the sinusoidal output to logical pulses. Two 914
logic gates in a cross-coupled configuration (Fig. 3) were driven by
the oscillator output. A diode constrained the input voltage to
remain above zero. To ensure fast rise and fall times, a 900 type
buffer gate was used as a final stage.
FIG. 12. OSCILLATOR SIGNAL CONDITIONER
FIG. 13. CAMERA MOTOR DRIVER
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The oscillator circuit board unit was non-rigidly mounted in-
side an open-ended aluminum case. Foam packing provided shock
isolation and support. A spacer prevented dislocation by heavy
shock.
G. Camera Driver
A simple switching circuit (Fig. 13) mounted directly on the
camera, supplies pulses in correct sequence to the motor. The
nature and timing of the pulses is determined by the main Control sec-
tion of the electronics and is described elsewhere. The lines 50 and
51 of Fig. 7 carry complementary signals to the driver circuit. The
motor is driven by applying +6.0 volts alternately to opposite ends
of the center tapped windings. Driving pulses must have steep
leading and trailing edges, and not exceed 40 per second. This is
achieved by supplying a sequence of complementary logic level pulses
to the two input control leads. These pulses alternately switch on
the two sets of driver transistors, each of which is a direct-coupled
PNP - NPN pair. Except when a pulse train is being transmitted, the
two control leads are set to the L logic level. The leakage through
the silicon 2N 697 transistors is then so small that negligible current
flows in the motor coils. Base resistors to ground on the 2N697 tran-
sistors would further control leakage. The circuit was potted in a
silicone gel to prevent moisture from causing leakage currents.
Two routing diodes pass voltage spikes generated at coil switch-off
to a 12V zener diode which passes current when the spike voltage be-
comes high enough to cause break down. This suppresses voltages that
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might damage the main driving transistors, and quickly removes
electro-magnetic energy from the cut off coil,a process that is
thought to facilitate motor action.
H. Power Supply
Because the instrument was assembled from commercial components,
several of which required different voltages, the power supply is
more complex than is desirable. Since batteries provide the neces-
sary energy source, a basic choice is available between a multi-
tapped battery and a single voltage battery with a converter sup-
plying several output voltages. The latter choice would necessitate
DC to AC conversion and then reconversion to DC. Converters to
implement this system would have required a considerable volume.
Any gains in battery utilization would be offset by reduced battery
space.
A multi-tapped battery system was chosen as a direct solution,
although this increased the problems of battery charging. A pos-
sible rationalization of the system that is described below would be
to utilize a common battery for the integrated circuits and lamps,
and a second battery of nominal voltage 15 to supply the transducer
requirements. One low power converter could then be used to meet
the higher voltage ;requirements of the crystal oscillator. The motor
could be rewound for 15 volts instead of 6.
A diagram of the battery circuit that was used is shown in Fig. 7.
This system could operate the instrument for four hours at one reading
per second.
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Four voltage regulated supplies were utilized. The integrated
circuits are guaranteed to work only for input voltages in the
range 3.6 + 10%, and the stepping motor had a tolerance of 6.0 + 10%.
Practical considerations determined that the decoding and display
unit worked best at 4.2 volts. Voltages below this would affect
light output drastically both because the lamps were operated well
below design voltage of 6.0 and because the steady state is reached
appreciably more slowly at 4.2 than 6.0 volts. This reduced voltage
produced ample light for the optical system, and greatly reduced the
already small risk of lamp failure.
A similar design (Fig. 14) was used for all of the regulators.
Four regulators were mounted on a 1/4 inch thick disc of aluminum as
shown in Fig. 15. This simple circuit operates by limiting the cur-
rent through the power transistor so that the regulated voltage across
the load is (V + .65 V) where V is evaluated at a current
zener zener
of .65V/47.f . If the voltage VR were to rise, the conduction through
the first 2N697 transistor would shunt part of the available base
current of the second 2N697, reducing the base current to the power
transistor, hence reducing the load current and voltage. This circuit
can be switched electrically by removing the dotted lk resistor and
applying H = + 3V or L = OV control signals. Base resistors of 1000
or 100 ohms, as shorn, reduce leakage currents in the off state to
small values.
I. Transducer Housing and Circuits
Parts of the electronic circuitry were placed in a small housing
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separate from the main recording electronics. The main reason for
doing this was to permit the pressure and temperature sensors to be
used inside a pressure testing tank. An experiment making use of
this arrangement is described later.
Basically the smaller housing enclosed the oven-controlled
Vibrotron pressure sensor, driving circuit, and the mixer circuits
for the temperature sensors.
Fig. 16 shows the main electrical functions, and Fig. 17 shows
physical dimensions.
All circuits are driven by an input voltage in the range 13 to 20
volts, nominally 15 volts. The oven heater circuit operates directly
from the input voltage, passing a current through the heating resis-
tors until the mercury thermostat warms sufficiently to ground the
associated transistor base.
All the other circuits draw power from a regulated voltage supply
of +13.0 volts. This voltage exists at the collector of the silicon
PNP transistor.
The Vibrotron driver circuit operates at 13.0 volts, giving a
sinusoidal output signal of 5 volts p.p., that is converted to posi-
tive going pulses by means of a diode, and shaped to logic level
pulses by passing through two type 914 logic gates to the output line.
The logic gates are supplied by a voltage of 3.6 volts, set by a
Zener diode. Two more Zener diodes supply voltages of +6.2 and +4.0
respectively to the crystal transducer oscillators and an SN 7410
logic gate that is used as a mixer.
A tandem arrangement of regulated supplies for the crystal
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oscillators is desirable to provide a very steady voltage. The
final Zener diode and its associated supply resistor, are mounted
inside the oven. The crystal oscillators provide an almost constant
load. These factors all act to ensure rather small variations in
supply voltage for the oscillators.
The signals from the oscillators are generated across 121L resistors
leading to the supply voltage. These are stable film resistors with
low temperature coefficients. Two transistors, whose bases are
supplied by complementary logic levels generated by gates, alter-
nately shunt the a.c. output from either sensor Tl or T2 to the
ground. This form of switching is chosen as the best means for
trying to isolate the two signals, but the frequency (28 MHz) is
high enough that perfect isolation is difficult to achieve.
The unblocked signal is mixed with the reference signal in a
high speed logic gate that has been biased toward linear operation
by external resistors. The mixer output required amplification
efore conversion to logic level pulses. Pin 3 carries the tempera-
ture signal frequency. Pin 4 is connected to a control line. A low
logic level causes the difference frequency produced by T1 and the
reference oscillator to be transmitted via pin 3. A high logic level
causes the corresponding signal from T2 to be transmitted.
Thus the housing encloses sufficient circuitry to produce fre-
quency signals from two temperature sensors and one pressure sensor.
The unit is of reasonably small volume, and could be used with a
wide variety of external frequency recording equipment.
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J. Mechanical Design
Basically the mechanical design was concerned with providing
the following functions; water-proof housings able to withstand
15,000 PSI water-proof connectors for electrical cables between
housings, a pressure outlet in the Vibrotron gauge, camera drive system,
chassis to support the electronics, camera and battery, and a frame-
work for mounting the pressure housings in a structure suitable for
lowering in to the sea.
Housings
These were designed and supplied by a company specializing in
this type of work. The housings were made from cylinders of centri-
fugally cast stainless steel with an i.d. of approximately 4" and an
o.d. of approximately 4.8". One inch thick end caps with 0-ring
seals were made from the same grade of steel that could be hardened
by heat treatment after machining. Six holding tabs were welded
to the exterior of each cylinder. Two housings were used. Figs.
i7 and 18 show details of the shorter housing together with end caps.
The longer housing, with an inside length of 46" instead of 6", as
in the short housing, was of similar design, except that one end
cap was tapped for an XSK 5-pin connector to receive the cable leading
from the transducer housing.
Waterproof Connectors
Commercially supplied units vulcanized to rubber covered cables
were used. The transducer housing (Fig. 17) has four XSG-BCL 2-pin
plugs and one XSK-BCL 5 -pin plug. Four CN-3 coaxial cables each 6'
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long were supplied with 2 pin sockets at either end for connecting
the quartz temperature sensors to the transducer unit. Although only
three oscillators were used, the fourth plug was provided for future
use with additional sensors, particularly a salinity sensor. A five
wire cable,10" long with 5-pin sockets at either end,joined the two
housings (Fig. 23).
Pressure Connection
The Vibrotron and oven is protected from external pressure by
the transducer housing. A 1/8" stainless steel tube connects the
outside pressure to the diaphragm. The ends of this tube are sealed
to a specially made connector and to the housing end cap by stain-
less steel cone and ferrule compression fittings. The Vibrotron cone
seal screws into the connector. Positions of the Vibrotron and pres-
sure inlet are shown in Fig. 17. A 1/4" pipe thread permitted a tube
to be connected externally to the end cap. This was used for mounting
a flexible oil-filled tube, with the purpose of excluding sea water
from the Vibrotron.
Camera
This was constructed of parts from a Geodyne 16 mm camera. The
choice of 4" i.d. pressure housings necessitated rebuilding the camera.
A motor driven sprocket wheel (Fig. 19) draws film from a spool for
exposure by a lens focussed on the sprocket wheel circumference. There
is no shutter for the lens. No particular precautions need be taken
against reflections. With the lens set at f/8 the desired images of
the numerals are much darker than the exposure due to reflections.
FIG. 19. CAMERA SIDE PLATE
CAMERA: SIDE PLATE CLEARANCE (4)
DRILL FOR 10-24
P (2)
35
CAMERA: COVER (2)
FIG.20. CAMERA
67.
1.95" RAD
.69"
+ LOCATING
+ HOLE
.125
.\58
OPTIC
AXIS
.25 1a-
BEARINGS
FOR
.125 +
SHAFT
END PLATES (2)
1.30" x 3.20" x 0.5"
*I
TAP FOR LENS
DRILL HOLE 1/8 d, 1/4 DEEP
*2
SKIM TO CLEAR SPOOL
CAMERA SECTION
FIG. 21. CAMERA
1.80
.50
.35
68.
A friction system of two pulleys ensures that a take up spool
(small pulley) revolves fast enough to keep the film taut. Speed
differences between the pulleys causes the pulley belt to slip.
The belt is a 1/8" cross-section diameter 0-ring lubricated with
silicone grease.
A stepping motor drive was designed to provide synchronous
operation as well as to achieve the elimination of the troublesome
brushes used in D.C. drives. Because the operation is controlled
by a crystal oscillator, precise timing is available if required for
correlation with externally recorded data.
The drive wheel has 8 sprockets, and 16 mm film has 40 sprocket
holes per foot. Five readings from the display screen, which had
numerals 3/8" high, could be fitted into the space between sprocket
holes when the screen was photographed from a 9" distance. This
data density permitted 100 x 40 x 5 = 2 x 104 readings per 100'
reel, or 5 hours recording at one reading per second.
A motor of small size and suitable gear ratio was then chosen,
the final choice being a motor with a basic rate of 150 per signal
pulse and a gear reduction of 90. Supplying 54 pulses, alternately
in sequence to the two windings, causes a shaft revolution of 90,
as is required for each reading.
For every film advancement required, 27 complete cycles of a
40 Hz square wave were supplied to the camera drive circuit control
lines. The logic levels on the lines were complementary in order
to apply the requisite pulses alternately to the dual coil motor.
Film winding occurred during the period from 2/40 to 29/40 of a
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second after the initiation of a recording cycle. This allowed
11/40 sec with the film stationary for recording at the end of
the recording period.
A square wave of 40 Hz was drawn from an intermediate point in
the clock divider circuit. The drive design could possibly be
improved by using a different gear ratio and a pulse frequency less
than the recommended limit of 40 Hz per coil. Also, even retaining
a 40 Hz square wave, the signal could have been improved by rearranging
the divider chain, so that the 40 Hz frequency was produced by a
binary rather than a quinary stage, since the latter gives -an unsym-
metric square wave (Fig. 5).
A 6 volt motor was chosen to match the intended lamp supply which
was, however, later altered.
Chassis (see Fig. 22)
At an early stage in the instrument design, the choice of 4" i.d.
pressure housings was made, to reduce the final total weight. Pre-
liminary estimates of the length of housing necessary for the various
components were made before detailed consideration of the actual con-
struction. This policy led to some later difficulties in fitting all
the components into the available space. The transducer housing, the
decoding and lamp unit, and the battery compartment are all fairly
densely packed.
The conventional construction of spacing rods between steel or
fiber glass discs has been adopted, the discs serving to provide
mounting points for components and torsional rigidity to the whole
structure.
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Four voltage regulating circuits (Fig. 14) are mounted on a
1/4" aluminum plate as a heat sink (Fig. 15). Directly above this
unit, is the battery compartment. The size D batteries are arranged
in tiers at maximum packing density of 7 per tier, (except for the
half size cells). The circuit harness connects to the batteries
through one multi-pin connector and three single-pin connectors.
Two additional multi-pin connectors connect to the camera and to the
main electronic circuit.
Directly above the battery compartment, the camera is held by
four 1/2" diameter spacing rods, and locating dowels above and below.
The main electronic circuit is mounted on four 7" x 3" x 1/16"
fiber glass printed circuit boards. The four boards, which are
arranged in the order, clock, control circuit, biquinary decade
counter and commutator, are mounted in pairs leaving a central clear
space 7/8" wide. Wires between the pairs of circuit boards on either
side of this gap, connect through a multi-pin connector. This con-
struction permits the pairs of boards to be spread out, giving free
access to either the upper or the lower surface of every board for
fault tracing.
The decoding circuit is built around a miniature 6-figure 10
incandescent lamp type of display unit. This is photographed by the
camera through the central gap between the main circuit boards. Twelve
decoder/driver circuit boards of dimension 3" x 1" x 1/16" are mounted,
six per side, above and below the display unit. Each board carries
5 integrated circuits and 5 transistors, two boards being necessary
for each decade.
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Above the decoding unit is mounted the 1 MHz clock oscillator
which has an oven enclosed crystal and circuit mounted in a sealed
case. An external circuit, that is mounted on a circuit board
carrying the octal base for the oscillator, converts the sinusoidal
output to pulses compatible with the logic circuits. The oscil-
lator case is non-rigidly mounted inside an aluminum casing that
is supported by 3/8" thick rubber discs mounted transversely on the
spacers. These discs and foam packing in the casing provide a degree
of isolation against shock for the high quality oscillator.
When the main instrument package was slid into its housing
from the lower opening, it was necessary to have a positive system
for ensuring connection to the socket on the main housing upper end
cap, which connected through to the transducer housing. A 3/8" dowel,
when correctly engaged in a locating hole, permitted a terminal board
to be pushed into a printed circuit socket. This socket was con-
strained to slide on guides, so that after engagement, the plug and
/socket could move as a unit over a small distance. In this way the
circuit would not be broken when the main circuit moved away from the
upper end cap to rest on the lower end cap under the action of gravity,
when the frame was vertical, as in normal operation.
Frame
The frame is constructed from three vertical 1" x 1/4" bars bolted
to four 14" diameter rings of I" x 1/8" strip metal. Fig. 23 shows
the positions of the housings which are supported by the vertical mem-
bers. A lifting eye with 1/2" diameter shank is fastened to a 1/2"
thick triangular plate. On the upper side of the plate three pairs
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of brackets are mounted. The vertical members converge towards
slits in the plate to positions between the brackets where they are
secured by bolts. Stainless steel has been used for all of the
frame components.
A special vertical bar is connected to two of the supports holding
the main housing. All three oscillators are mounted on this bar
using rubber sheathed clips. Both Tl and T2 extend down close to
the bottom of the frame in a position to sample almost undisturbed
water during lowering. The REF oscillator, which is much less tem-
perature sensitive, is mounted above T2.
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IV CALIBRATION
A. Preliminary Tests
A number of preliminary tests were made to determine the effect
of various factors that could affect the calibration. In all of
these tests (except where noted) and in the calibrations, the sensor
arrangement was as follows. The long temperature sensor Tl was con-
nected to the plug directly opposite the 5-pin plug in the other
end cap (see Fig. 17). Both end caps are marked and have a unique
orientation relative to the pressure housing. Viewed from outside
the housing the four 2-pin plugs are connected to (reading clock-
wise) TI, REF oscillator, T2, blank plug.
Internally the transducer signals lead to terminals 80,79,
78,77 (Fig. 7) which correspond to channels 1,2,3 and 4 respectively.
These channels are sampled consecutively in that order. Although
the temperature output lead from the transducer housing is connected
to both channels 2 and 4, the control voltage to the transducer cir-
cuit causes the output of Tl to be recorded on channel 2, and T2
on channel 4. To avoid transients the switch over in the transducer
circuit occurs one second before necessary i.e. at the beginning of
the channel 1 and channel 3 recording periods.
1) With T2 on channel 2, Tl (channel 4) was alternately connected
and disconnected from the circuit. Upon disconnection, the reading
-4
from T2 fell by the equivalent of 6 x 10-4 OC, probably because of
a slight change in the current demand from the final Zener regulator
causing a voltage change. In the subsequent use of the instrument
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(except where noted) all three quartz oscillators were in operation.
2) With Tl out of circuit, T2 was alternately connected to the
plugs so that it recorded on either channel 2 or on channel 4. The
-4
temperature reading was 6 x 10-4 oC lower on channel 4. It was con-
cluded that each sensor should always be connected to the same input
plug to keep the input power to the oscillator constant. (It is
immaterial to the digital system to which channel a given frequency
is applied). A later test, alternating Tl, gave no measureable dif-
ference between channels.
3) Tl (channel 2) was placed so that the extension probe was
in slush ice but the body in air at room temperature. When the ice
was also packed around the body, where the oscillator is housed, the
-3
indicated temperature increased by 7 x 10-3 oC. This indicates a
remarkably low (negative) temperature coefficient for the effect of
body temperature.
4) The quartz oscillator input/output resistors in the trans-
ducer housing are mounted together with the switching transistors
in shielded compartments intlermal contact with the Vibrotron oven,
while the final Zener regulator supplying + 6.2 volts to the oscil-
lators is inside the oven. These parts of the circuit therefore
operate in a fairly stable environment, except when the ambient
temperature is close to or above the oven temperature of 70 0F.
Varying the temperature of the exterior of the transducer pressure
housing did not produce observable changes in temperature readings.
5) One of the disadvantages of the sensor comparison system was
that each oscillator signal was transmitted through 6' of coaxial
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cable to the mixer. A test was made in which 100 pf was shunted
across the two-pin connector on the transducer housing that was
receiving a 28 MHz signal from Tl. This increased the recorded
-3
temperature by 1.2 x 103 C. It was concluded that the effects
of any capacitance changes in the coaxial cable because of com-
pression in the deep sea, or because of the presence of sea water,
would be small compared to a millidegree.
6) A test made with Tl on channel 2 and T2 disconnected showed
an equivalent change of less than 1 x 10-4oC when the input to
the transducer circuit was varied over the range 15 +2 volts.
The battery supply used in the instrument subsequently would have
less variation than this, unless heavily discharged.
7) With Tl and T2 at the ice point, the REF oscillator tem-
perature was cooled from 250C to OOC. The mixer frequency changed
by 50 Hz , corresponding to a temperature change of about 0.050C
as expected from the calibration for the REF oscillator given in
ITable 2. From this it may be seen that it is necessary to have
good temperature tracking between the sensor and reference crystals,
if measurements accurate to millidegrees are sought.
8) Tests on the self heating of the Tl sensor in packed slush
ice were not conclusive because the effect was small, although not
-4
negligible. It is estimated at about 2 x 10 4C.
9) Several ice point tests were made. A double layer ice
bath made from a heavy inner copper pipe, surrounded byAfiber glass
insulated plexiglass pipe, with slush ice in the space between the
pipes as well as inside the copper pipe, proved a failure. More
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consistent ice points were obtained with the extension probe of Ti
deeply immersed in a large dewar flask. Because the body projected
above the top of the flask, a jacket was provided to hold ice
around it. A slush of ice made from distilled water was used.
Values in the range fTl = 20475.5 to 20475.0 were observed in one
series of tests, and values close to 20474.5 were obtained in a
second series on another day. The value calculated later from the
formula fitted to the calibration points obtained with the platinum
thermometer was fT1 = 20470.7 at OOC. The corresponding value cal-
culated from the formula for fT2 was 20108.7
B. Calibration Apparatus
The preliminary investigations of probe self heating had en-
couraged the adoption of a calibration method using a dynamic system.
A suitable calibration tank (Fig. 24) was designed and built in the
Thermal Division of the Flight Research Center (M.I.T. Instrumenta-
tion Laboratory) under the supervision of Arthur Grossman. This
apparatus was also used for the time constant measurements described
below. Water is driven by four impellers, one in each of four
3" i.d. down pipes, to set up a circulation having an upward flow
in a 5" i.d. transparent pipe. Above and below, all pipes connect
into chambers formed between a plate and a hemispherical cap.
Above the upper chamber is a sealed chamber which contains cooling
coils in water mixed with anti-freeze. The exterior of the whole
system is insulated with foam rubber (Armaflex), fiber-board and
fiber-glass insulation. Because of the volume of water the system
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has considerable thermal inertia. At the lower end of the 5" pipe
a bundle of plastic drinking straws reduces eddy sizes to small
values, producing a fairly smooth flow in the upper part of the
pipe which is the test section. Power dissipated by the four 1/4
h.p. impeller motors inevitably causes heating, but the impeller
blades also act to keep the water in the down pipes well stirred.
Temperatures were controlled by passing liquid nitrogen through
the cooling coils, at a rate governed by a solenoid valve. Stirring
motors were provided but these were not fully effective, as they
jammed when the ice build-up on the coils was appreciable. These
could have been replaced and some other method of stirring used, but
this did not prove necessary.
C. Calibration Methods
It was of interest to obtain a value for the time response of
the platinum thermometer used in the calibration. This was done by
observing the thermometer resistance in the calibration apparatus
-i
test section with a stream velocity of approximately 50 cm sec at
room temperature. The thermometer was then cooled to OOC and the
bridge set. When the thermometer was immersed in the stream, the
bridge indicator passed through a null when 63% of the change in
resistance had occurred. The time difference from the instant of
immersion to the 63% point was 4.5 + 0.2 seconds.
The time constants of the Tl and T2 sensors were also measured
in the calibration apparatus, but here, the test fluid was close to
freezing point. The sensors were cooled from room temperature, and
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the frequency recorded every two seconds using a frequency meter
with a one second counting period. Each sensor was checked at
-iflow velocities of approximately 50, 25 and 0 cm sec 1. Results
are shown in Figs. 25 and 26. These curves show logl0  (dT/dt)OC sec-i1
- logl02 versus t sec. Only the slope is of interest, and this may
be used to determine a time constant assuming that the change of T
with t is exponentia , at least locally. It must be said that the
zero velocity curves are doubtful because there is an initial stir-
ring when the sensor is first immersed, and the dissipated heat from
the body affects the rather small environment.
There seems to be a definite increase in the time constant as
-l
the flow speed is reduced. At 50 cm sec T1 sensor has a time con-
stant of about 4 seconds. The T2 sensor clearly does not have a
simple exponential behavior because the plotted points do not
approximate a straight line. The initial slope corresponds to a
time constant of less than 4 seconds.
The question of time constants at operating speeds was later
solved by developing a method whereby the values were obtained from
the actual field data. This method was more accurate, and because
it applied to in situ operation, was superior to laboratory measure-
ments under simulated conditions.
Calibration of the sensors was done in two stages, first T1 was
calibrated against the Leeds and Northrup standard platinum ther-
mometer (number 1662285) and later T2 was calibrated against T1,
both over the range 0 to 250C. The operating procedure for the main
calibration was to immerse the T1 and REF sensors, together with
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the platinum thermometer, in the test section of the calibration
apparatus. T2 sensor was connected, but at room temperature. The
transducer pressure housing was in air, although kept below ambient
temperature by an ice pack.
The water stream was cooled by the system. At the desired
temperature the nitrogen was turned off, and the heating from the
impeller motors would gradually take over. As the temperature went
through a minimum, it was tracked on the sensor readout as well as
by measurements of the platinum thermometer obtained with a Mueller
bridge, reversing the thermometer leads for alternate measurements.
This is by no means standard procedure for precision resistance
thermometry, which is usually done with completely static conditions.
However, Fig. 27 which is a copy of a typical working graph, shows
that reasonably smooth curves can be drawn through the "normal" and
"reverse" platinum thermometer points, both tracking the quartz
sensor curve. From each such graph a set of values was obtained
from the smoothed curves. The pair of resistance values was re-
duced to an absolute temperature for comparison with the quartz
sensor frequency. The resistance thermometer points are irregular,
mainly because of the difficulty in obtaining a null point with a
non-steady system.
Sometimes another calibration point would be obtained at approxi-
mately the same temperature after the cooling took hold again and
the system temperature passed through a maximum. This sequence of
events was repeated over the whole temperature range to produce the
data in Table 6. The cooling system could not efficiently reduce
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TABLE 6
Calibration Data for T1
RAV TOC fTl
20521.8
22226.4
26639.9
27821.5
22346.0
20946.0
20239.5
20494.2
28557.5
27453.5
27461.0
26047.0
25496.6
25452.0
24394.5
24402.0
41052.0
40633.5
37615.5
36633.0
36657.0
33379.5
32614.0
30140.0
30152.0
30110.0
45941.5
30862.0
24510.0
28170.1
26069.5
23402.8
24661.2
(f -20000.0) -Tx10
471
448
378
370
444
463
474
470
357
372
372
391
399
400
415
414
248
251
276
288
290
318
326
352
351
351
219
344
418
375
397
432
415
25.5155
25.6910
26.146 2
26.2670
25.7036
25.5594
25.4866
25.5128
26.3429
26.2295
26.2302
26.0847
26.0281
26.0235
25.9146
25.9155
27.6185
27.5760
27.2683
27.1677
27.1700
26.8354
26.7571
26.5038
26.5051
26.5008
28.1150
26.5777
25.9260
26.3018
26.0866
25.8121
25.9416
0.051
1.778
6.26 2
7.452*
1.902
0.483
0.234
0.024
8.201*
7.802*
7.089*
5.656*
5.098*
5.052*
3.980
3.988
20.804
20.383
17.340
16.345
16.367
13.062
12.288
9.788
9.801
9.759
25.723
10.518
4.092
7.795
5.673
2.971
4.246
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TABLE 7
Intercalibration of TI and T2
f ffTl - T2 Tl T2
351.7 43580 43228.3
349.8 43270 42920.2
350.3 43040 42689.7
350.7 42380 42029.3
350.6 41180 40829.4
351.4 40310 39958.6
352.8 39450 39097.2
352.6 38580 38227.4
352.1 37710 37357.9
352.5 36560 36207.5
353.2 35490 35136.8
353.7 33840 33486.3
355.4 32560 32204.6
355.8 30690 30334.2
358.6 24680 24321.4
359.5 23780 23420.5
356.3 29220 28863.7
358.0 27350 26992.0
358.4 26050 25691.6
356.9 24020 23663.1
359.2 23310 22950.8
359.9 23190 22830.1
359.6 21550 21190.4
361.8 20350 19988.2
362.8 20340 19977.2
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the test temperature much below OOC.
An intercalibration of Ti and T2 was obtained by putting these
two sensors side by side in the test section, with the REF oscil-
lator upstream. To save time the temperature was not brought
through a maximum or minimum, but readings were taken only when
changes were fairly slow. Each set of values in Table 7 was obtained
by the following procedure. The sensors were read in the sequence
TI, T2, Tl three times at closely spaced intervals. From each triad,
mean values of fT1 were compared to fT2 and from the set of values
a mean difference was evaluated. In Table 7 the first column is
the frequency difference at some value of f given as a rounded
number in the second column.
D. Calibration Formulae
Temperature calibration data from Table 6 is plotted in Fig.
28. The quantities chosen for plotting reveal small departures from
an idealized sensor with a zero temperature frequency of 20 kHz and
-I
a coefficient of 1 kHzoC . During the course of the calibrations,
as judged from diagrams like Fig. 27, it was felt that the scatter
from a smooth curve should not exceed two or three millidegrees.
However, a group of points, marked with an asterisk in Table 6
exceeded these limits, and appeared to be anomalous. Plotting them
on the graph at the time they were obtained did not point to any
anomaly, because they joined smoothly to the other points obtained
at lower temperatures. However, subsequently, when all the points
were considered they appeared anomalous, and they were omitted from
8 10 12 14
TE MPERATURE
FIG. 28. CALIBRATION DATA
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TABLE 8
Calibration Formulae
A f T1 
-fT2
0.2070680 x 102 x F6 + 0.7184662E x 101 x F 5 - 0.2179904
2 4 1 3 1 '2
x 10 x F - 0.3117316 x 10 x F + 0.6647825 x 10 x F
- 0.5975173 x 101 x F + 0.3541572 x 103
where F = (fT2 - (45941.5 + 20239.5)/2)/((45941.5 - 20239.5)/2)
TOC = -0.1438580 x 10- 1 x F6 - 0.17793.9 x 10- 1
+ 0.6258868 X 10- 2 x F 4 + 02047411 x 10-1
-1 2
- 0.1682603 x 10 x F
+ 0.1297608 x 102 x F + 0.1276906 x 102
where F = (f - (45941.5 + 20239.5)/2)/((45941.5 -
and f = fTI or fT2 -Af
x F 5
x F 3
20239.5)/2)
26 25
P decibars 0.6477271 x 10 2F - 0.2738574 x 10 2F - 0.1389416
x 103 x F4 + 0.1797072 x 102 x F - 0.2585823 x 103 x F
- 0.5161750 x 104 x F + 0.5503941 x 104
where F = (f - (25241 + 19443)/2)/((25241 - 19443)/2)
and f = Vibrotron frequency
_ ~_~
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a least squares fit of a formula for temperature. They certainly
depress the absolute level of accuracy that may be ascribed to the
calibration.
T was expressed in terms of a sixth order polynomial in a nor-
malized frequency variable that took the value +1 for fTl = 45941.5
and -1 for fTl = 20239.5, these being the maximum and minimum calibra-
tion frequencies. The r.m.s. deviation of the calibration points from
the fitted curve was 1.5 moC.
The intercalibration data was treated by expressing the frequency
correction fTl - fT2 in terms of a sixth order polynomial in fT2, again
by a least squares method using a frequency variable normalized as above.
Data from Table 7 is plotted in Fig. 29. Calibration points obtained
on two separate days are distinguished. When reducing actual data, the
observed value of fT2 was inserted in this formula to find the correction
to be added to fT2 to give an equivalent value of fTl which was then used
to find T from the formula developed for fTl* The advantage in using
normalized variables for the least square polynomial curves fitted to
the calibration points, is that the matrix inversion involved in the
method can be performed more accurately (for a given computational
effort) if all the terms are of order one.
The formulae discussed above are listed for reference in Table 8.
The Vibrotron calibration (Table 3) provided some difficulties.
Firstly, the oven thermostat was ordered in the expectation of
receiving a pressure gauge that was calibrated at 70 0F, but the
calibration supplied with the transducer referred to 750 F. Secondly,
there was the problem of the expected hysteresis when the gauge was
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TABLE 9
Modified Calibration for Vibrotron Pressure Sensor
Frequency f 4 Frequency f I Decibars PSI
25241 25241 0 0
24730 24716 1034.21 1500
24201 24182 2068.41 3000
23657 23636 3102.62 4500
23104 23089 4136.82 6000
22523 22503 5171.03 7500
21950 21920 6205.23 9000
21348 21317 7239.44 10500
20733 20710 8273.64 12000
20099 20086 9307.85 13500
19443 - 10342.05 15000
cycled through a range less than 0-15000 PSI.
The Vibrotron zero frequency in the oven was close to 25241 Hz.
The difference from the calibration value of 25234 was assumed to
be caused by a temperature difference. An effective temperature
of 71*50 F corresponding to a correction of +7 Hz at zero pressure
was found and a correction of +11 Hz at 15000 PSI was inferred,
giving the valuesof Table 9.
A correction for hysteresis was made during later data reduc-
tion by adding a quadratic expression
( -0.3 x 10-5(f-25241) (f-19443)) (25241-fD)/(25241-19443) to
the observed frequency f for observations made after the Vibrotron
frequency had gone through its minimum value fD for the station.
In words, this expression multiplies a quadratic correction by o(,
where 0 < oC < 1 is the fraction of the full range variation of
f achieved at the depth of maximum descent. With this correction,
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pressures in decibars could be found by interpolation from the
frequencies in the first column of Table 9. In fact, the tabulated
frequency data was normalized to a variable that varied linearly
from +1 to -1 over the frequency range 25241 to 19443, and a sixth
order polynomial curve was fitted by the least squares method
(Table 8). By substitution of the normalized frequency variable
into the formula, the pressure in decibars could be calculated.
For actual reduction of data, additional information was re-
quired concerning whether a correction should be made for hysteresis.
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V. DATA FROM THE CAYMAN TRENCH
A. Description of Stations
An opportunity to test the deep bathythermograph in the Cayman
Trench was gladly accepted. This area was ideal for the purpose
in a number of respects, as has been mentioned in the Introduction.
A planned cross of stations allowed for those shown in Fig. 30 as
well as another line of stations extending past Station 9 along
the axis of the trench, but the latter were not completed. The
locality provided deep water whose fine temperature variations were
known only within the limits of mercury reversing thermometer data
(WUst, 1964).
Three hydrographic stations to sample temperature and salinity
were completed (Stations 2, 4, 5 in Table 10). The primary purpose
was to observe the salinity and to obtain deep sea reversing ther-
mometer readings for comparison with the deep bathythermograph
tesults. This was a precaution against the possibility of gross
errors such as might result from pressure effects on the sensors,
or electronic malfunctions affecting readings from both sensors
equally. No calibration tests of the direct effects of pressure
on the quartz sensors had been made. Theoretically there is no
particular reason to expect any, because the quartz crystals are
hermetically sealed in transistor cans that are themselves pro-
tected by pressure housings. The actual mounting of Tl could not
be observed, but the crystals of the T2 and REF oscillators were
mounted with sufficient clearance to prevent any strain when the
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TABLE 10
Hydrographic Data. Vessel: U.S.C.and G.S.S. Davidson: Project SP-AMC-13-67
St Cast Lat ON Long oW Depth M T leftOC
left T rightC Salinity %oright
17 Sept 67
19 Sept 67
19 Sept 67
2 1 18:51.7' 78:30.9'
4 2 19:20.0' 78:37.0'
5 1 19:20.0' 78:36.5'
Date
2
744
1525
2300
2244
3155
4100
5100
2
376
770
1549
2500
3146
3925
4400
4900
2
175
643
1184
1740
2295
2765
3345
3920
29.06
4.301
4.109
4.16
4.242
4.327
29.09
16.87
8.11
4.256
4.110
4.132
4.288
4.337
29.56
13.02
10.57
4.255
4.202
4.120
4.121
4.153
4.222
7.88
4.31
4.12
4.12
4.21
4.41
4.25
4.11
4.15
4.21
4.18
4.41
4.12
4.02
4.07
4.21
36.237
34.963
34.965
34.979
34.981
34.984
34.985
34.981
36.180
36.336
3.4.960
34.973
34.975
34.977
34.979
34.983
34.979
36.225
36.695
35.277
34.960
34.992
34.980
34.986
34.981
34.982
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external housings were under pressure. The clearance gap was
filled with silicone heat-conducting grease.
At each of the stations the deep bathythermograph was lowered
by itself at the end of the hydrographic wire. A pinger permitted
an approach to within about 20 m of the bottom. The chance of
losing the instrument on the bottom was not risked. Lowering speeds
generally were about 60 in m-1 , except close to the bottom; hauling
speeds averaged about twice this. To check the retracing accuracy,
and more especially to cover a number of selected depth intervals
at low speed in a search for fine structure, the lowerings were some-
times interrupted by hauling up for 100 m before continuing lowering
again. These variations are shown by the time-depth graphs (Figs.
32-38. Decibars (db) and meters (m) have been used throughout for
depth measures. A conversion graph in Fig. 1 App, of Appendix 1 may
be used for the Cayman Trench area if a better approximation than
numerical equality of db and m is required.
Table 11 lists the station positions where measurements were obtained
with the deep bathythermograph. Positions in Table 10 for the
hydrographic stations at 2, 4 and 5 are not identical because of
ship drift.
The prewiring options had been set to record once every second.
Channel 1 was prewired for the 510 count option and was supplied
with a 50 kHz signal from the clock. This channel therefore re-
corded a constant count (510 x 20 tsec + 1 = 10201), and the results
were used as a channel identification. (The additional one is
caused by the fact that the signal falls to zero at the very extremes
FIG. 32. STATION 1 PRESSURE-TIME GRAPH
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TABLE 11
Positions of Stations for Deep Bathythermograph Measurements
Station Date Lat oN Long oW Depth Closest Approach
DB to Sea Bed DB
1 17 Sept 1967 18:28' 78:29' 2165 18
2 17 Sept 1967 18:55.5' 78:31.5' 5444 36
3 19 Sept 1967 19:12' 78:36' -
4 19 Sept 1967 19:18' 73:45' 5651 22
5 1 Sept 1967 19:29' 78:36.5' 4126 14
6 19 Sept 1967 19:39' 78:36.5' 2655 14
9 19 Sept 1967 19:15' 78:49.5' 6091
of the recording period.) Also, the signal appears on the display
unit before the electronic system is inserted into the main housing,
and its presence practically guarantees that all systems, except
those in the transducer housing, are working. The temperature
transducer signal line was connected to both channels 2 and 4,
with the control voltage input chosen to cause Tl to record on
channel 2 and T2 on 4. Channel 3 received the pressure transducer
signal.
B. Practical Considerations
The operation of the instrument required a number of sets of
batteries because the recommended charging rate is not less than
16 hours.
Installation of a complete battery pack in the instrument re-
quired about 15 minutes. After the main recording system was
housed and operating, a further 12 minutes elapsed before the
instrument was in the water. Most of this time was taken to
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insert and fasten the lower end cap and to secure an additional
frame member which was designed to give some protection to the
sensors should the frame strike the sea bed.
For some of the stations, pieces of the camera film were
developed in a tank of Kodak monobath. The film was jumbled in the
tank, and in the first trial a small fraction of the data was lost
due to parts of film sticking together and preventing access of the
chemical. Better results were obtained with increased manual agi-
tation, but a spooling system would have been more elegant. These
sample films confirmed that the instrument was working normally and
suggested that there was a distinct lack of detail in the temperature
structure. The variations in lowering pattern shown in Figs. 32-38
were spaced over depth, but were otherwise randomly chosen for more
detailed examination. Most of the film was professionally processed
later.
C. Data Reduction
The film was read in a 16 mm viewer and the six figure numbers
punched on cards, each card carrying four groups of data sequenced
T1, P, T2; Tl, P, T2; etc. The first five columns were reserved
for station number (2 cols) and card number (3 cols). Reading from
the sensors TI and T2 are symmetrically interspersed in time. Con-
sideration of the problem of relating the two sets of measurements
lead to the realization that the sensor time responses were best
found from a segment of the actual data.
Suppose one is given a series of values from Tl at 2, 6, 10,
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14 .... sees and a series of values from T2 at 4, 8, 12, 16 ....
secs. If interpolations are made for both series, and corrections
applied for time response, the mean square difference between a
series of Tl and T2 values found for common times will be least
when the corrections applied for time response are most accurate.
For the method to work, the input signals to the sensors must con-
tain frequencies of the order of the reciprocal of the time constants.
Response at frequencies greater than the Nyquist frequency causes
noise (by aliasing) and further noise is inevitably introduced by
the interpolation process. Noise increases the minimum square
deviation and decreases the resolution, but does not cause any
preferential bias.
On the basis of Figs. 25 and 26 the responses of T1 and T2 to
a unit step function were approximated by functions of the form
-at -bt
R = 1 - Ee - (1 - E)e . The effects of the REF response
were ignored.
Exponential response functions were chosen because they have
certain advantages especially if the response is described by a
single exponential. This may be seen by considering the error of
an instrument with a step input. The actual response is
R = 1 - eat and the error is - eat = -(dR/dt)/a, i.e. the error
may be derived from the instantaneous rate of change. For a system
in which the only signal is a step function occurring at some time
in a given interval, there are two possible procedures for cor-
recting the response of a recorder. Upon detecting a time varying
response, corrections for future times could be calculated, which
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when added to the recorder response would give a corrected re-
sponse equal to the step input, assuming idealized operation. If
the input to the correction calculator was the corrected output
itself, than all corrections would be calculated from just one
initial rate of change reading at the beginning of the step. Al-
ternatively the correction calculator input can be the recorder
output, the correction being calculated at every instant. On
the other hand if the recorder response is a composite expression
-at -bt -at -bt
R = 1 - Ee-at - (1 - E)e bt, the error is - Ee - (1 - E)e-bt
which is not simply related to dR/dt. Given a step function input,
the amplitude A can be found from (dR /dt) = A (age - a t + b(I - E)e- b t
which at t=0 is equal to A(aE + b(l - E))
To apply these thoughts in practical circumstances, consider
any signal which can be approximated by a succession of additive
step functions being supplied to a recorder with a response func-
-at -bt
tion R = 1 - - E)e . With the correction calculator
signal derived from the combined recorder plus correction signal,
each new step is evaluated in magnitude at the instant of occur-
rence, and a set of corrections generated for projection forward
in time.
If the recorder has a simple exponential response, each new
step causes a change in the response curve slope which adds linearly
to the slope resulting from previous steps. Here there is a choice
of calculating correction signals either as above, or instan-
taneously from the rate of change of the response of the uncor-
rected recorder output. For finite difference computations of a
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continuously changing signal the latter option is much to be
preferred because only one correction at every point is involved
instead of a string of forward corrections at every point in time.
It may be seen that the inverse operation can be applied to
determine approximate time constants, given time series from two
sensors responding to the same input signal. The sampling times
may be interlaced or identical if the two sensors have different
responses. If the sensors are identical two time series with
interlaced sampling times are essential. It is clear that if the
two time series for identical sensors were taken at coincident times,
any correction applied to both sets of data would leave the r.m.s.
deviation unchanged. The two data sets must contain real differences
in the recorded values. This can be achieved by using time series
with different time origins. Neither data series is completely pre-
dictable from the other, but both unfold in a way correlated with
the combined time history. Alternatively two time series can be
kenerated by applying the same signal to a sensor twice in suc-
cession, using additional components to slow the response in one
trial but not in the other.
D. Evaluation of Time Constants
Data for intermediate points at one second intervals for both
Tl and T2 were generated from fifth order polynomial curves. Each
sensor was assumed to have a double exponential response and the data
points were corrected as described. For the Tl sensor, the rate of
change of response was found at 2 secs for example, corrections
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calculated for 20 seconds ahead, and added to the recorded signal.
The new rate of change at 6 secs then formed the basis for a new
set of forward corrections. The T2 sensor data at 4, 8, 12 ....
secs was similarly treated. The two sets of data were then com-
pared for the times 4, 8, 12 .... secs. This process was repeated
in a systematic way, adjusting the six constants El
, 
al, bl, 2', a 2
and b 2 to give minimum error between the signals. For convenience,
the calculation was done step-wise, holding one set of variables,
say El, al, bl constant, and selecting the best values from a
3 x 3 x 3 array covering all the combinations of three different
values for each of E2, a2 and b 2 , and then repeating for El, al, bl
until the result was found.
The constants obtained for Tl were El = 1, al = 3.75 sec, b1
undefined, and for T2, E2 
= 
.65, a2 = 1.75 sec., b 2 = 5.5 sec.
A slightly better fit could be achieved with 1 = .60, al = 3.75,
bI = 4.0, but the above values were chosen for simplicity. It may
be inferred from this comment that a simple exponential response
of 4.0 seconds could be distinguished easily from a response of 3.75 seconds.
The input data was taken from sensor values obtained during a
period of 80 seconds while lowering, i.e. 20 values each for Tl
and T2. This data is shown in Fig. 39. Here a mean time rate of
-1
temperature change of 11 moC sec-1 has been subtracted from the
values in order to show detail. The average sensor speed was 35 cm
-1
sec . Fig. 40 shows the results of a test of the evaluated time
constants. The data was obtained while the instrument was being
-1hauled up at an average speed of 2.1 m sec . A temperature
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differential of 81 m oC sec was subtracted before plotting the
data. The average difference of 0.250C before correction of the
time lags is reduced to 2.6 moC. This reduction indicates that the
time constants determined from the data of Fig. 39 also apply quite
accurately to conditions during the hauling up of the instrument.
The optimum method of data reduction would be to correct the
data as in Fig. 39, but then filter out the noise at frequencies
above the Nyquist cut-off frequency, for which the recorded data
contains no information, using a non-phase-changing filter. A filter
of this type is mathematically realizable, although not in real time.
In the present case an increase in sampling (and Nyquist) frequency
would be useful to reduce aliasing.
In Fig. 39 the uncorrected curves are more meaningful to look at.
Every detail of temperature structure available is reflected in the
curves even although attenuated and phase-shifted. In the deep water
the corrections for response lag were small; the data to be sho'wn
in the subsequent pages was derived from a reduction process less
involved than that described above and used for determining the time
responses.
If a linearly increasing signal is applied to a sensor with a
-at -bt
step function response of R = 1 - Ee - (1 - E)e , a steady
state is reached and the error is easily found to be (dr/dt)(E/a +(l-e)/b),
where the rate of change of response dr/dt is equal to the rate of
change of the input signal. Thus if the signal does not change
rapidly over periods of the order of either 1/a or 1/b, the error
can be estimated from instantaneous dr/dt values, without the need
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for forward projection.
Corrections to the data were made by finding a mean rate of
change during the previous 40 seconds (from TI) and using this
value together with the constants listed above to correct the
readings from Tl and T2. This method did not introduce additional
fine scale noise to the recorded values. Corrections calculated in
this way are in error when d2 r/dt2 is appreciable. Particular
instances are visible in later graphs where the descent is suddenly
halted, causing over-correction of values for 40 seconds.
E. Pressure Corrections
Some corrections were also made for the pressure transducer
readings. These corrections did not apply to any measurements at
pressures greater than 2500 db. The necessity arose because the
high ambient temperature caused dissipated heat from the electronics
to raise the Vibrotron oven temperature above its set level of
approximately 700 F. Because the error was as much as +50 db at
the surface before lowering, and the temperature coefficient (Table
-1
3) corresponds to about 4.0 db OF , this excess can be gauged at
about 12 0F. It could be overcome by raising the oven temperature
to 850F.
After haul up, the instrument continued operating on deck for
a few minutes. The Vibrotron measurements all returned to a base
reading of - 0.5 + 0.75 db before increasing again slowly when the
oven lost control by external warming. Comparison of up versus down
temperatures for the stations suggested that a correction that
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decreased linearly with time to zero at 2000 seconds after com-
mencement of lowering would reduce the error considerably. In any
case the chance that the oven was not in operation after this period
is considered to be very small.
The Vibrotron pressure reading at maximum depth plus the dis-
tance from the bottom found from the pinger were compared to the
corrected sonic depths. Agreement was within 1/2% at Stations 1 and
4, but large differences occurred at 2, 5 and 6. Since the potential
temperature measurements would not have agreed so well in general if
the Vibrotron readings had been at fault, the bottom depths given
in Table 11 are derived from the Vibrotron and pinger measurements,
except for Station 9 where only sonic soundings were available.
At 3 no bottom soundings were obtained.
In each series of measurements the data from the sensor Tl, P,
T2 was identified by labels 4n + 1, 4n + 2, 4n + 3 for the times.
For the potential temperature calculations, pressures at 4n + 1,
and 4n + 3 were found by linear interpolation. To relate the two
series of potential temperatures, mean values of Tl at 4n + 1,
4n + 5 were compared to T2 at 4n + 3 when finding values of Tl-T2.
F. Calculation of Potential Temperature
Potential temperatures were calculated to examine the tempera-
ture distribution of the water apart from adiabatic temperature
changes. As the main interest was in the deep water, where the salinity
was very nearly uniform, a mean value of 34.981 for the salinity at
depth was chosen. Calculations were made from a formula due to Crease
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(1962) after making comparisons between this formula and another
due to Fofonoff and Froese (1958). Both of these formulae, the
latter having slight modifications from the original, were taken
from an unpublished collection of Woods Hole Oceanographic Insti-
tution programs. Differences between the two amounted to a few
millidegrees at most in deep water. The Crease formula utilizes
a polynomial in (S-35%), (T-100 C) and (P-3000db), a form which does
not automatically make the adiabatic temperature correction zero at
the surface. Despite this the formula was used even for the
shallower observations, and a constant salinity value of 34.981
was retained. This procedure merely locates features in the tempera-
ture structure, without defining the density variations. To analyze
fully the upper water data, detailed salinities would be necessary.
G. General Data
The hydrographic data in Table 10 indicate that the salinity is
nearly constant below 2500 m. This immediately suggests that the
water is fairly well mixed.
Fig. 41 is a composite diagram; the full curve represents an average
of potential temperatures found from reversing thermometer data obtained
in the Cayman Trench in 1963 and 1965, (Worthington, 1966) and the
triangles are values calculated from the data in Table 10.
The circles are individual readings from one sensor (Tl at Station
3). Readings selected for the graph were those nearest to successive
one hundred decibar levels. Data from other stations instead, would
not cause perceptible changes in the diagram.
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TABLE 12
Potential Temperatures in oC at 100 db Intervals
Depth ST 1 ST 2 ST 3 ST 4 ST 9 ST 5 ST 6
DB
1500 4.1826 4.1968 4.1625 4.1693 4.1688 4.1265 4.1278
1600 4.1216 4.1430 4.1119 4.1159 4.1320 4.0808 4.0819
1700 4.0689 4.0960 4.0624 4.0645 4.0790 4.0431 4.0530
1800 3.9994 4.0608 4.0247 4.0422 4.0369 4.0078 4.0312
1900 3.9407 4.0365 4.0010 4.0083 4.0033 3.9916 4.0130
2000 3.8888 4.0113 3.9735 3.9836 3.9674 3.9737 3.9879
2100 3.8652 3.9687 3.9535 3.9575 3.9425 3.9572 3.9639
2200 3.9462 3.9263 3.9296 3.9237 3.9364 3.9367
2300 3.9202 3.9054 3.9095 3.9091 3.9180 3.9150
2400 3.8938 3.8872 3.8872 3.8872 3.9047 3.8862
2500 3.8787 3.8730 3.8695 3.8716 3.8842 3.8818
2600 3.8637 3.8572 3.8604 3.8619 3.8685 3.8683
2700 3.8545 3.8497 3.8543 3.8528 3.8550
2800 3.8461 3.8414 3.8452 3.8447 3.8459
2900 3.8387 3.8369 3.8389 3.8388 3.8427
3000 3.8332 3.8323 3.8348 3.8349 3.8349
3100 3.8290 3.8289 3.8306 3.8305 3.8332
3200 3.8257 3.8262 3.8274 3.8278 3.8283
3300 3.8241 3.8222 3.8236 3.8249 3.8263
3400 3.8218 3.8207 3.8230 3.8235 3.8246
3500 3.8196 3.8199 3.8215 3.8219 3.8232
3600 3.8196 3.8181 3.8204 3.8203 3.8216
3700 3.8177 3.8177 3.8189 3.8195 3.8199
3800 3.8175 3.8163 3.8180 3.8184 3.8192
3900 3.8168 3.8154 3.8173 3.8176 3.8180
4000 3.8166 3.8146 3.8166 3.8167 3.8180
4100 3.8155 3.8136 3.8161 3.8163 3.8177
4200 3.8145 3.8127 3.8149 3.8152
4300 3.8132 3.8121 3.8138 3.8135
4400 3.8126 3.8114 3.8134 3.8129
4500 3.8122 3.8112 3.8131 3.8126
4600 3.8123 3.8108 3.8127 3.8123
4700 3.8122 3.8106 3.8128 3.8120
4800 3.8116 3.8104 3.8119 3.8114
4900 3.8114 3.8097 3.8118
5000 3.8108 3.8097 3.8120
5100 3.8104 3.8089 3.8115
5200 3.8101 3.8090 3.8110
5300 3.8101 3.8079 3.8110
5400 3.8102 3.8082 3.8111
5500 3.8083 3.8102
5600 3.8081 3.8109
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This figure is shown to demonstrate two points, namely that the
deep bathythermograph and the reversing thermometer data agree, and
that the present temperature is within a few millidegrees of the
temperatures observed in 1963-1965. The figure also gives some
indication, to be elaborated later, of the reduction in scatter
possible with a rapid recording instrument.
Fig. 42 is a temperature section that is rather featureless.
Below 2000 m, where there is a change in vertical scale, the isotherms
become progressively straighter, and below 4000 db they can be accurately
drawn on the scale shown with a straight edge.
Fig. 43 shows a composite selection of potential temperature curves
indicating certain features. Each curve is offset by an integral
number of degrees from the lowest curve. On a purely descriptive
basis six depth regions appear: (a) a uniform mixed layer of about
50 m, (b) a thermocline region just below the mixed layer, (c) a
region of steady temperature decrease with depth, (d) a region at
about 250 m where the curves are inflected, (e) a region where the
potential temperature decreases further and finally (f) a region
where the potential temperature asymptotically approaches a constant
value. Region (d) probably reflects the presence of an advected layer
of exceptionally high salinity water. Table 12 contains interpolated
potential temperatures below 1500 db found from the sensor Tl.
In order to examine in passing the behavior of the instrument near
the surface where the temperature varies most rapidly, simulated BT
curves have been drawn. These are shown in Figs. 44 and 45. In each
case the temperature scale is correct for the lower curve, and the
other curves are offset by an integral number of degrees.
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Fig. 45 contains fewer features because it pertains to data obtained
during haul up, when the rate of travel through the water was higher.
Data from Stations 3 and 9 is missing. Speeds may be judged from the
depth-time curves of Figs. 32 to 38. At any given station the down
and up traces would not be expected to match identically because they
were separated in time by up to 3 hours. Most of the curves show an
enhanced temperature gradient, from which the thermocline takes its
name, immediately below the mixed layer. Some systematic features
are visible and a few isolated temperature inversions, which are no
doubt accompanied by high salinity layers to stabilize them.
H. Temperatures below 3500 m
A series of figures gives a point by point graphic representation
of the potential temperature data from the deeper water. The drawings
are in pairs, with TI and Tl - T2 in one drawing and T2 in the other.
As described above, values of Tl have been interpolated in finding
vaLues for Tl - T2. Except for Station 3, the Tl - T2 values are
zeroed at 3.817 0C. Attention will be drawn to a number of features
in these drawings, with common features described only for the first pair.
Station 2, Figs. 46 and 47: The former shows values of Tl from
3500 to 5400 db. Here, as elsewhere, the down trace can be identified
by virtue of the greater number of points plotted, giving it the more
jagged appearance. Straight portions at 3600 db (down trace) and 4800
and 4400 (up trace) are linear interpolations to fill gaps caused by
faulty fil:n processing. In nearly all cases the up trace is situated
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below the down trace. The break at 4700 db represents a halt in
lowering, and most of the temperature drop is caused by over-correction
of the sensor data for the time lag. There is, however, a residual
uneveness that cannot be directly described. Effects in both the
temperature and pressure sensors would contribute. Fig. 47 for T2
has very much the same character. Every peak in the Tl - T2 trace
must be strongly correlated with either a peak in Tl or a dip in T2.
In Fig. 46, as in the other figures, the up trace for Tl - T2 is more
positive than the down trace. The noise on the trace for T2 is generally
less than on the Tl trace. This is puzzling because the T2 sensor
has a higher frequency cut-off. Both Tl and T2 indicate a change of
slope close to 4350 db, a feature common to the stations.
Station 3, Figs. 48 and 49: These traces are exceptional in two
respects. Here the Tl - T2 trace is zeroed at 3.8150C. The trace
for Tl - T2 (up) exhibits anomalies of up to 2 moC. These can be
identified with matching anomalies in the opposite sense in the T2
trace. As shown in Table 12 the deep water temperatures of Station
3 are about 2 moC colder than the average at the other Stations.
Both Tl and T2 indicate this. The difference could be caused pos-
sibly by a 10 db error of the Vibrotron or a 2 Hz shift in the REF
oscillator frequency acting at Station 3 only. However, there would
appear to be quite a good chance that the difference was real.
Station 4, Figs. 50 and 51: This pair of figures followsthe
general pattern. Noteworthy features are a general reduction in
noise level. A peak in the Tl - T2 trace at 4450 db is identified
with an anomalous T2 trace. On the other hand at 4700 db both Tl and
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T2 show a temperature increase, although it is not recorded in the
up-coming traces. Temperature features common to Tl and T2 can in
fact be identified from 4400 to 5400 db.
Station 9, Figs. 52 and 53: In these figures only down traces
are available. The traces are smooth. At the time the sea was
exceptionally calm. The instrument retraced the section from 3750
to 3850 db. This is shown in detail for T2 in Fig. 56.
Station 5, Figs. 54 and 55: This is a much shallower station.
The traces are normal, with some evidence of anomalous T2 behavior
in the up trace.
These figures raise a number of points, not all of which can be
fully answered. One of the more remarkable is the precision with which
the two sensors track together. In every case as the two sensors
approach the deepest level, Tl - T2 falls in a band defined by
-0.5 4 Tl - T2 - 0 moC. This agreement forms the basis for the
assertion that temperature measurements to an accuracy of one milli-
degree could be achieved in the deep sea, given sufficient calibration
effort.
All of the figures for T1-T2 show a characteristic difference
between the up and down traces. This is not easily explained, although
it can be said that the instrument was designed to record most accurately
during lowering. To consider some of the factors involved the following
-l
facts are useful. The lowering speed was about 1 m sec-1 and the hauling
-l
speed at depth was about 1 to 1.5 m sec 1. At large depths the adiabatic
-1
gradient is about 150 moC km . The numerical value of Tl-T2 is less
for the up trace than for the down trace and the difference increases
as the depth decreases.
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The possibility of miscorrection of time lags can be examined as
-i
follows. At 1 m sec , the difference between corrections for instru-
-i
ments with time constants of 3 and 4 seconds would be 1 m sec
-1 -4x 0.150 mC m x 1 sec = 1.5 x 104 OC. Combining similar corrections
-4for the up and down traces gives a total of about 3 x 10 4C. Whilst
this is of the right order of magnitude, it is difficult to believe
that the error in the estimation of time constants for Tl and T2 is
of a magnitude equivalent to that assumed in the example.
Heating effects of drag are hardly important although it is worth-
-i
while to confirm this. Consider water flowing at 100 cm sec onto
a stationary sensor. If all of the K.E. of the water was dissipated
to form a stationary layer of warm water around the probe the rise
-4in temperature would be 1.2 x 10-4 OC. This is an upper limit for
-I
heating at 100 cm sec-1. Heating effects caused by drag would be
positive for both down and up traces.
Warming of the environment of the instrument by dissipation from
eIlectronic systems would give an asymmetric effect. By design the
effect would be zero during lowering. Using a round figure of 10
watts for the heat mixed into a wake 10 cm in diameter at a hauling
-1 leads to a heating of 3 x 10-4 C.
rate of 100 cm sec leads to a heating of 3 x 10 .
Another possibility is that the effect is caused by a sheltering
effect. During hatl up the T2 sensor head would have a tendency to
carry water along with it, to a greater degree than would Tl. Taking
the temperature gradient into consideration, this would lead to T2
registering too high in deep water, making Tl-T2 negative. The opposite
effect is observed.
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Yet another possibility requires more careful consideration of
the timing of the sensor channels. The Tl, P, and T2 sensor frequencies
at 4.30C and 5000 db are about 24.5, 22.5 and 24.3 kHz. Actual mid-
recording times are therefore 4n + 1 + El' 4n + 2 +, and 4n + 3 + E2'
with small variations as the sensor frequencies change. These changes
have not been accounted for in the interpolation to estimate pressures
at the recording periods of Tl and T2, but it is easy to see that they
are rather small.
The systematic difference between Tl and T2 is not understood at
present.
We will now consider briefly the fluctuations present in all of
the records. The most noticeable feature of the apparent noise is
that its length scale varies directly with the rate of depth change.
This strongly suggests a form of noise generated by random disturbance
of each reading. On the other hand, after examining the down traces
for Tl and T2 from 4750 to 5000 at Station 2 it must be conceded that
the noise on Tl-T2 is less than the noise on either Tl or T2. Obviously,
there is either a real signal being recorded, or a common noise source
is affecting both Tl and T2. Noticeable variations in noise exist
from station to station, with the noise being lowest at Station 9,
when the sea was at its calmest. Small scale apparent temperature
fluctuations with a length scale of only a few meters are most probably
caused by uneven passage through the water as the ship rolled. There
would be some correlation between the effects on the two temperature
sensors.
All of the Tl and T2 traces show a lack of agreement between the
up and down traces. In terms of temperature the difference is a few
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millidegrees. This exceeds the magnitude of the temperature cor-
rections being applied for response lag; therefore it is not primarily
a temperature error. As potential temperature depends on pressure
as well, it is necessary to consider the action of the Vibrotron.
-1
For an adiabatic temperature gradient of 150 moC km , a pressure
error of + 20 m leads to an error in potential temperature of - 3 moC.
As described, certain steps have been taken to correct, at least
partially, the hysteresis expected from the calibration data by applying
a correction of quadratic form. This correction is by no means negligible.
According to the manufacturers' data the Vibrotron has a time response
-2
of 10- 2 sec. Fig. 45 gives rise to suspicions that slow relaxation
effects may also be present. This figure shows pressure traces all
falling to zero, but there is the appearance that the instrument actually
left the water when the pressure reading was + 5 db. A general lag of
about 10 db in the pressure reading would arise if a small fraction of
the Vibrotron response possessed a long time constant, and the pressure
was changing uniformly.
Combining similar amounts for lag both during descent and ascent
would give a correction of the correct order, and of a form compatible
with the almost parallel offset observed between the up and down traces.
At least a part of the offset can be directly traced to the T2
sensor at some of the stations. It is significant that the major
anomalies occur during the ascent, but the reason for their presence
is not known.
Fig 56 represents the data from the T2 sensor obtained by retracing
a segment of the water column at Station 9. The noise level is at a
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minimum value. A trace for T1 would look very similar, as may be
judged from TI-T2 in Fig. 52. The right hand trace represents data
points spaced 4 seconds apart during descent and the left hand trace
is for the ascent back to 3740 db. Dots represent the slow descent
down again. The discrepancy between the traces reflects error in the
system, but the cause cannot be positively identified. Taken as a
-i
whole Fig. 56 implies that there is a mean gradient of about 10 moC km-1
and that the true temperature microstructure is of the order of 2 x 10-4
0C
or less. Possibly the data can be interpreted as implying the existence
of temperature variations of this order with a wavelength of the order
of 100 m, but the visible fluctuations with shorter wavelength may not
be real. An estimate of the minimum expected size of temperature fluc-
tuations is given in the next chapter.
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VI. DISCUSSION OF THE DATA IN TERMS OF HEAT FLUX
A. Heat Flow in the Waters of the Cayman and Yucatan Basins
The values in Table 12 have been found from data of the Tl sensor,
obtained during lowering of the instrument. In Fig. 57, which is
based on Figs. 46 to 55, a characteristic break in slope is apparent
between 4300 and 4400 decibars at the depths given in Table 13 for
Stations 2, 3, 4 and 9. The mean value is 4365 db or 4300 m. In
the figure the temperature scale is correct for Station 9 and the
other curves are offset by multiples of 4 moC.
TABLE 13
Depth of Potential Temperature Gradient Discontinuity
Station 2 3 4 9 Mean
Depth DB 4400 4275 4425 4360 4365~ 4300 m
Although this change in slope is very small, of the order of
6 moC km- , it is thought to be real and not caused by an instrumental
effect. Both temperature sensor3indicate it, and there is no dis-
continuity in the temperature calibration curves at the temperatures
involved. Furthermore, the pressure readings at the break point
vary from station to station by an amount exceeding the transducer
repeatability, making it unlikely that the pressure readings are
generating a spurious effect.
Below 4300 m, the potential temperature remains almost constant,
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with variations of the order of 1 moC from a smooth curve. These
variations do not seem to be correlated from one station to another.
This region is interpreted as being almost neutrally stable, with con-
vective stirring caused by heat flux from the sea bed.
At the depths in question the adiabatic temperature gradient is
-1
about 150 moC km . Although the measured mean potential gradient is
slightly stable, and within 2% of the expected gradient for neutral
stability, the real state of stability is not definitely known for two
reasons. Firstly, the accuracy of the formula for the calculation of
potential temperature from S, T and P values is not well known, and
secondly, the observed gradient would be affected by small errors in
the differential temperature and pressure data.
-2 -1
Given sufficient time a heat flow of the order of 1 jcal cm sec
will produce measurable effects in a stagnant layer of water. If
there is heat flow from above as well, there must be a level where
the heat flux is small, and the stability close to neutral. Below this
level a stirred region is expected. A neutrally stable layer below
4300 m is therefore not altogether surprising. However, contrary to
this, it is possible that the discontinuity in potential temperature
gradient is related to the interconnection between the Cayman and
Yucatan basins. The sill depth appears to be somewhat shallower than
4300 m, although this is not certain. Fig. 31 grossly simplifies the
complicated bathymetry.
L. V. Worthington (1966) made an estimate of the geothermal flux.
His deep sea observations showed a potential temperature increase of
0.030 C in 30 years over those of Parr (1937, 1938). An estimate of
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14 Vcal cm sec for the flux necessary to warm the water in the
Cayman Trench at this rate was obtained. This value is about ten
times the world average flux.
This calculation was repeated, assuming that all geothermal flux
from depths greater than 4300 m is trapped below this level, and that
the flux from above is zero at the same level. From the C. and G. S.
chart 1007 it was estimated that the area of that part of the trench
10 2
below the 4300 m contour was 5.01 x 10 m and that the average depth
below this level was 765 m. Assuming the values C = 3.86 joulesoC -gm -p
p at 4300 m = 1.046, (3 at 5100 m = 1.050 and /B6t =10-30C
potential temperature per year, the geothermal heat flux is approxi-
-6 -1 -2 -2 -1
mately 9.8 x 10 joules sec cm ^ 2.34 cal cm sec .
This value is uncertain to the extent that the thickness of the
neutral layer is not known perfectly, and the rate of temperature
rise may be in error by perhaps 30%. The error would be even greater
if there has been a substantial influx of water (and heat) into the
region. Zero water flux has been assumed.
Assuming no mass transport, the heat flux value is probably in
error by less than 40%. The value itself looks reasonable. Heat
flows can be quite variable over small areas, but the generalized data
of Lee and Uyeda (spherical harmonics up to third order fitted to 987
values with a global distribution) given in Lee (1965) implies a value
-2 -1
of about 1.7 tcal cm sec for this area. Worthington quotes the
only available measurement (by Reitzel) in the Cayman trench as being
about 2 1/2 times normal value.* Trenches are not noted in general
Further measurements have been obtained recently by G. Simmons of M.I.T.
148.
for high heat flows, but the results above, together with that of
Reitzel agree in predicting geothermal fluxes somewhat higher than
the world average.
Accepting the geothermal flux value as consistent with stagnant
water, further calculations were made on the oceanic and geothermal
fluxes in some of the shallower regions of the Cayman and Yucatan
basins. A number of considerations are relevant to these calculations.
From a generalized bathymetry of the two basins drawn from C. and G.
S. 1006, H.O. 373 and H.O. 394, it was assumed that the sill depth
lay between 2200 and 2350 fms (4020 and 4300 m). Excluding the deep
area of the Cayman Trench, the average depth below the 1800 fm
(3295 m) contour over the remainder of the two basins was found to be
11 2
865 m, and the area 2.44 x 10 m Geothermal flux was assumed to be
trapped below this level, with oceanic heat flux also contributing.
Fig. 58 represents the volumes under discussion. The level 1800 f
was chosen to put it into a region where the water is stratified and
well above the 4300 m contour of the Cayman Trench, with the hope
that all geothermal flux from areas of greater depth was confined
somewhere below this level. Since the isotherms at the levels 3295,
3112, 2929 and 2563 m of Fig. 42 are all extremely level over the
Cayman Trench, where the measurements were made, it is assumed that
currents at this level are small, and that this also applies to the
Yucatan Basin. By hydrostatics the isotherms in the two basins above
the sill depth will be on level surfaces.
-2 -1
A geothermal flux value of 2.0 kcal cm sec was assumed for all
areas, except the Cayman Trench, where the measured value was used.
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TABLE 14
Data for Heat Transport Calculations
Volume (Fig. 58) A B
C D E F G Remarks
Total volume
3 -20
cm x 10
2.11 .503 
.383 .697
.651 .606 .560
Sea floor area
m x 10
Depth m
Area m2 x 1011
Total heat input
cals sec- i x 10 "9
Geothermal flux
cals sec-' x 10
2.44 0 .501 .251 .251 .247 .246
865 1005 765 183 183 183 183
2.44 .501 
.501 3.81 3.56 3.31 3.06 Vol. = Depth x Area
6.24 1.51
4.88 0 1.17
1.15 2.10 1.96 1.82 1.69 10-3 0C yr-1
.50
.50 .50 .50 2 cal sec -cm-2
2.34 into C
TABLE 15
Potential Temperature gradients in oC per 200 db
ST 1 ST 2 ST 3 ST 4 ST 9 ST 5 ST 6 MEAN
.1008 .1001
.0595 .0614
.0678 .0475
.0485 .0481
.0415 .0324
.0342 .0233
.0158 .0128
.0097 .0080
.0049 .0067
.0045 .0023
.0019 .0022
.0009 .0023
.0013 .0018
.0023 .0015
.0010 .0009
0 .0006
.0008 .0009
.0007 .0007
-0.0004
.1048
.0562
.0508
.0480
.0400
.0152
.0154
.0083
.0070
.0021
.0026
.0016
.0012
.0023
.0007
.0003
.0010
.0010
.0008
.0898
.0757
.0608
.0334
.0375
.0188
.0140
.0083
.0056
.0030
.0024
.0019
.0013
.0028
.0009
.0006
.0834
.0515
.0344
.0392
.0338
.0292
.0123
.0095
.0069
.0031
.0033
.0019
.0003
.0748
.0400
.0491
.0489
.0332
.0044
.0953
.0661
.0551
.0443
.0364
.0208
.0141
.0088
.0066
.0030
.0025
.0017
.0012
.0018
.0009
.0004
.0009
.0008
.0002
.1134
.1282
.0755
DB
1600
1800
2000
2200
2400
2600
2800
3000
3200
3400
3600
3800
4000
4200
4400
4600
4800
5000
5200
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With the values C p = 0.95 cal cm and an average temperature
p
-3
increase of 10 -3C per year, data for Table 14 was calculated. This
includes the total oceanic heat and geothermal fluxes into the volumes
A through G of Fig. 58. This data provides the average oceanic ver-
tical heat flows per unit area at the upper surfaces of A,B,G,F,E and
D given in Table 16.
Table 15 contains gradients of potential temperature per 200
decibars found from Table 12. Average values obtained by interpolation
are used to calculate the thermal conductivities, k, and diffusivities,
-1 -I
K = C listed in Table 16. The values for K are fairly typical,
although perhaps higher than expected. There is a definite trend from
low to high values with increasing depth. On investigation, the in-
crease was found to be in rough agreement with a law of the form
1/2k = k (dT/dz) . Whilst some kind of inverse relation between eddy
conductivity and density gradient is conceivable, the evidence provided
by this example is not really certain, and the discussion is omitted.
The calculated values of k and K would be incorrect if the assumption
of negligible advection of heat by influx of water to the deep layer
were not true.
In Table 15 there is a maximum in the average potential temperature
gradient, and hence in the stability, above the discontinuity near 4300 m.
A similar phenomenon occurs in Fig. 44 except that the orientation is
inverted. Here an explanation is that if the initial temperature gra-
dient were linear and all the water above a certain.level was then mixed
to homogeneity, a steep gradient would be formed at the boundary.
Alternatively it might be argued that if mixing depends non-linearly
152.
TABLE 16
Conductivity and Diffusivity Values
No. of level in Fig. 58 1 2 3 4 5
Total flux cals sec -lx10 9  8.54 6.94 5.48 4.16 2.97
Flux cals cm sec-1 106 2.17 1.88 1.60 1.31 1.01
Potential Temp gradient oC cm-lxl08 128 84 57 37 22
logl 0 (flux) 6.337 6.274 6.204 6.117 6.004
log1 0 (temperature gradient) 6.107 7.924 7.924 7.568 7.342
-1 -1 -1
Conductivity=k calsoC cm sec 1,70 2.24 2.80 3.54 4.59
-1 -1 2 -1
Diffusivity=K=k C p cm sec 1.79 2.36 2.95 3.73 4.83
Depth m 2563 2746 2929 3112 3295
on stratification, once a thermocline is formed, further heat entering
the mixed layer tends to be confined there. One or both of these arguments
can be applied mutis mutandi to Table 15 as a possible explanation of the
maximum.
The stability of sea water is N2 =g/p)(dp/z)' where (df/dz)' is
an effective density gradient that excludes contributions from adiabatic
compression. For water of constant salinity (df/dz)' is close to
af(d9/dz),where a is the thermal expansion and G the potential tempera-
ture. At sea temperatures close to 40C and for pressures up to 5000 db
it may be inferred from the hydrographic tables of Lafond (1951) that
a : (2 x 10-13 p)oC-1 where p is in dynes cm -2 Below 4300 m the
gradient of potential temperature is approximately 2 moC per km or
-8 -12 x 10 oC cm . The stability at 5000 db is approximately
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N2 = 103 x 10 x 10- 5 x 2 x 10- 8  2 x 10 and the angular fre-
-5
quency for Vaisala-Brunt oscillations is N' 4 x 10-5 which may be
-5 -1
compared to the earth's angular frequency of f = 7.3 x 10 sec .
This result is quite uncertain because the true potential gradient is
not known. If the two frequencies are in fact of similar magnitude
there would be a number of dynamical consequences. Inertial oscil-
lations would have a tendency to relate to the earth's axis, causing
velocities with vertical components.
B. Geothermal Heating of Water in a Basin
It might be expected that geothermal flux from a sea bed with
irregular contours would lead to thermal stratification. This general
possibility provided at least one of the reasons for expecting to find
some layering in trench waters.
It is convenient to examine the shape of basin that would be heated
uniformly by geothermal flux; this result can then be used to distinguish
between cases causing stable and unstable stratifications.
Consider a basin whose contours are sufficiently smooth to be
characterized at depth z by a length 1 and a width w. The volume of
a layer dz deep is C w 1 dz, where C is a geometric factor. The heat
capacity is then C w 1 dz C . If it is assumed that the geothermal
flux is q per unit of projected area, the flux into the layer is
q d(C w 1) = q C d(w 1 ). Suppose that the initial stratification
is stable and that the heat entering each layer is transported hori--
zontally on account of the stratification. Then the rate of tempera-
ture increase is
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dT q d(w 1) q d(ln w 1)
dt C p w 1 dz C p dz
If 1 is proportional to w the result may be written
dT 2 q d(ln w)
dt Cppdz
a result first obtained by Claes Rooth (W.H.O.1) assuming a very dif-
ferent heat and fluid flow regime.
OCZ
For constant dT/dt, the expression for w is w = e . The condition
for generation of an unstable layering is
d2 (ln w) < 0
dz 2
Certainly a typical basin with the lower contours approximated by
z = c w2 (z + ve upwards) will obey the conditions for instability in
the deeper regions.
If 1 is not proportional to w, the corresponding condition is
d In(w 1) d d(area)
dz2  dz area dz <0
It is not certain whether these results can be applied in a
meaningful way in the present circumstances. During the process of
finding an average depth for that part of the Cayman Trench below the
2350 f contour, the areas shown in Table 17 were used. If the expression
TABLE 17
Ratios of Areas at Various Depths in the Cayman Trench
155.
immediately above is evaluated it is found to be negative, except
at depths of about 2800 f. The overall trend is negative. However,
the real situation is that the Trench and the Cayman and Yucatan
Basins are all interconnected over sills whose depths are not
determinable from sparse soundings. On the basis of the condition
given above it is not surprising to find almost neutrally stable water
filling the deeper part of the trench, but the upper boundary of the
layer is probably governed by the sill depths. A mechanism for re-
placing the deep water must exist, otherwise the temperature would rise
by geothermal heating above its present value. If the process is not
steady, it must be random, depending on the water conditions at the
Windward Passage sill. As the deep water warmed up the differences
in properties would be reduced and entry of replacement water would
be statistically more likely. If the statistical steady state operated
with small amounts of water entering at frequent intervals, the neutrally
stable layer would not be destroyed. Small amounts of water, dense
enpugh to penetrate to 4300 m by reason of temperature, salinity or
turbidity, would tend to fall through the deeper water, with effective
mixing taking place.
C. Estimated Small Scale Temperature Variations
As the smallest observable variations in the data presented above
are ambiguous, it is perhaps of interest to conjecture what variations
might really exist. Consider first a diffusion process where the
2 -1 2
diffusivity is K cm sec . It requires about h /K sec for a layer h
cm deep in a uniform medium to diffuse so that the original concentration
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at the origin is halved. From this it may be seen that organized layering
with a depth scale of several meters is not going to persist for long
2 -1 4
periods in regions where K - 1 cm sec . But layers 10 cm thick
could persist for months or years. With the assumption that water is
not continuously entering the deep region of the Cayman Trench, can be
coupled the statement that the temperature microstructure will depend
on local processes of production. Both molecular and eddy diffusion
destroy persistent structure. But eddy diffusion would be associated
with measurable microstructure. From the facts that the potential
temperature and salinity are almost constant in the deep water it is
inferred that eddy diffusion and not molecular diffusion is important.
Undisturbed molecular diffusion would have a final state with both
potential temperature and salinity non-uniform because of the gravi-
tational field.
Assuming that turbulent diffusion exists, postulate that at some
small enough scale the turbulence is three dimensional and approximately
homogeneous. In this case
K = U L'
where U is the r.m.s. velocity and L' is a scale of eddy diffusion.
L' may be interpreted as a space scale in which a particle moves in
substantially one direction (Hinze, 1959). For homogeneous turbulence
the dissipation is
E = (3p (U2) 3/2)/(2L)
where L is the "integral" scale. L is a measure of the longest cor-
relation distance between the velocities at two points (Hinze, 1959),
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Identifying L and L' as being of the same order of magnitude gives
1/3 4/3
K =(2E3p) /1 1
The purpose here has been to relate K to the dissipation. Now,
2 -1
assuming that K U L = 1 cm sec is given, possible combinations
of U, L and E can be examined as in Table 18.
TABLE 18
Relative Orders of Magnitude for Turbulence Parameters
Turbulence
2 -1 -1
K cm sec Ucm sec L cm E ergs Energy Wave Energy
cnm
3 sec - 1 ergs cm
- 3  ergs cm- 3
1 10 - 3 103 10-12 10-6 10-2
1 10- 2  10 2  10- 8  10- 4  10- 4
1 10- 1  101 10 - 4  10 - 2  10 - 6
-8
1 1 1 1 1 10
Another line of approach is to surmise that the shear must be suf-
ficient to destabilize the water. Hence the inverse Richardson number
u' 2 must be greater than 4. If N 2= 10- 8 , and a shear scale is formed
-2
from U/L, the appropriate values from the table are U = 10 and
L = 10 2 . Consider the alternatives. If U = 10-1 and L = 10, the
-4 -5 -I
dissipation is about 10 erg cm sec. This is comparable in magnitude
to geothermal flux into a column of water 4 km deep. Larger dissipa-
tions would lead to more rapid heating of deep ocean water than is
observed. Existing observations are approximately accountable for
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by eddy conduction and geothermal flux (Munk, 1966).
-3
Different considerations would apply if, for example, U = 10 , and
L = 103. In these circumstances there would be vertical displacements
3 2 -8
of particles by distances of the order of 10 cm. If N 2  10 ,the
potential energy density would be of the order of 0.5 x 106 x 10
-2 -3
= 0.5 x 10 erg cm . As a result, the turbulence field postulated
would be accompanied by an internal wave field with much greater
energy. These arguments are not conclusive but they do suggest that
if small scale oceanic turbulence is continuous, which it may not be,
-2
the velocity and length scales would be of the order of U = 10 and
L = 10
What temperature fluctuations would be compatible with these figures?
Assuming a potential temperature gradient from Table 15 of 10-3 0C
-7 -l 2
per 200 m, or 0.5 x 10 -C cm , a vertical displacement of 10 cm
would cause a potential temperature difference of 0.5 x 10-50C.
would cause a potential temperature difference of 0.5 x 10 0C.
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VII. ADIABATIC GRADIENT APPARATUS
A. Description
An apparatus made for measurements of the adiabatic temperature
gradient is shown in Fig 59. The apparatus provides for a sample
of sea water to be held in an insulated sealed container. An exter-
nal flexible bladder provides additional volume to allow for compres-
sion of the sample. The sample is held in a stainless steel con-
tainer, made from 22 gauge stainless steel, with inside dimensions
of 8 inches diameter and 9 inches height. This is insulated inside
with 1/8 inch of natural rubber, 1/4 inch of fiber glass wool, and
0.001 inch of polythene. The purpose of the fiber glass and polythene
is to trap a stationary layer of water around the sample to insulate
it. During decompression the temperature change of the layer will
match that of the sample. The water sample is stirred to break down
stratification and the polythene limits this stirring to the interior.
Originally the fiber glass was 1/2 inch thick but it matted down to half
of this. Only the extension probe of T1 is in the sample. For the
differential type of measurements required, the fact that the body is
at a slightly different temperature is not important (see p.76). The
T2 sensor is placed outside the sample and provides a measurement of
the temperature there.
The intended use of the apparatus was to put the sample under pres-
sure and to achieve an almost steady state. Upon releasing the pres-
sure to zero in about 10 seconds, adiabatic cooling would take place.
This cooling would be as much as 1.50C for an initial pressure of
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FIG. 59. APPARATUS FOR ADIABATIC GRADIENT EXPT
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15,000 PSI. In a stirred fluid the sensor time constant would be
about 4 seconds. A period seven times as long would allow reduction
-3
of the sensor error to 10 of the adiabatic temperature change. In
other words a new steady state would be discernable after 30 seconds.
In principle, providing the heat transfer and the decompression time
can be kept small, the adiabatic change may be found by extrapola-
tion of the initial and final trends to a common time instant.
Inserting values for the design dimensions provides estimates of
the magnitudes involved. The sample volume is 5.6 1, and the inside
2
area is 1750 cm . Assuming a 0.6 cm layer of stationary water of con-
-3 -1 -1 -1
ductivity 10 cal oC cm sec , and a temperature difference of
0.10C acting for 30 seconds, the heat conducted is 8.8 cal. This
would cause a warming of about 1.5 moC in the sample. It appears that
heat transport could be held to values low enough to permit quite
accurate gradient measurements at the higher pressure levels where
improvement is most desired. The figure of merit evaluated from the
above data is 1 mOC per 2 (oC x sec) of uncertainty in the product of
temperature difference with time range. The time range refers to the
period of time when the heat transfer is uncertain because the pressure
is not known and the temperature sensor reading lags. The extrapola-
tions would compensate for some of the heat transfer, but the shorter
the gap to be bridged, the better.
An actual test of the system indicated an equivalent conductivity,
-3 -1 -1 -1
assuming 1 cm of insulation, of 0.6 x 10 cal oC cm sec . This
was found from a temperature rise of 0.810C during 25 minutes with an
average temperature difference of 2.80C.
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In the tests two faults prevented good data from being obtained,
and unexpected problems were uncovered. The original apparatus
possessed a stirring mechanism operated by a shaft through an O-ring
sealing gland. This arrangement jammed through some fault of design,
and was later replaced by the magnetically coupled device shown. The
pressure transducer readings were affected by a random noise component
and only approximate pressure reading were obtained. Later bench
tests did not reveal any fault causing the noise.
An operational problem arose because at a value of 15,000 PSI
for the initial pressure at least 60 seconds were required for the
pressure to return to zero owing to the relief valve design. Instead
of the expected 10 seconds, the actual release time was almost ten
times longer, and a further interval elapsed before the temperature
sensor reached equilibrium.
Another operational problem was that of temperature control.
The pressure chamber was provided with an external container for
emperature control but the insulated sample lagged behind the tempera-
ture immediately outside the sample container. The problem is
the time taken to reach equilibrium. Unless equilibrium is reached
there is a heat flow, which will contribute error in proportion to
the time gap that the extrapolations must bridge.
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VIII. SUMMARY OF RESULTS AND CONCLUSIONS
Summary
Attention will be confined here to the results of the tempera-
ture measurements from the Cayman Trench, deductions from these
measurements and theories relevant to their interpretation; the
Abstract lists several other results that do not come under these
general headings.
1) The most striking result was the smoothness of the curves
drawn to represent the potential temperature in the deep water.
Except for (4) below no layering was detected below 2500 m.
2) Below 3500 m variations of potential temperature from a
-3
smooth curve were of the order of 1 x 10 OC. Some of the varia-
tions had a depth scale of about 100 m, but many variations with
lesser scales were observed. The true magnitudes of variations
with small depth scales are uncertain.
3) From the potential temperature gradients, diffusivity
2 -1
values of about 3 cm sec were calculated for the Cayman Trench
water at depths near 3000 m.
4) Above 4300 m the water was definitely stratified but below
this level the stability was close to zero.
5) With the assumption that geothermal heat flux is trapped
-2 -1
in the layer below 4300 m, an estimate of 2.3 cal cm sec was
obtained for the flux.
6) A model constructed to describe the heating by geothermal
164.
flux lead to the result that the lower layer, up to some un-
specified depth, is probably mixed by convection.
7) An argument based on results from turbulence theory and
hydrographic observations is given which suggests that the turbulent
r.m.s. velocity, and the mixing length in the deep sea are of the
-2 -1 2
order of 10 cm sec and 10 cm respectively. The temperature
-5
microstructure could then be as small as 1 10-5 OC in amplitude.
Conclusions
The experience with quartz sensors suggests that their sensi-
tivity can be put to use in practical oceanographic instruments.
Besides sensitivity another advantage is the ease with which the
signal can be observed.
In the instrument described the sensitivity approached 10-4 0C
and a reading could be obtained every two seconds. This sensivi-
tivity was usable, although ship motion appeared to be the factor
determining the least scale of the fine structure that could be
observed. In a free fall instrument even greater sensitivity would
be useful, and it could be achieved.
A redesigned instrument would benefit if it could be reduced in
size without excessive cost penalty. The main steps to achieve
this would be to make use of tape recording and to use more specialized
integrated circuits. These steps would reduce the size of the re-
cording equipment, the electronics and the battery pack. The use
of a tape recorder would also greatly decrease the effort required
to reduce the data.
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Although relative measurements are satisfactory for many
oceanographic problems, the ideal is to have absolute accuracy as
well. In the present case, dissipation from the temperature sen-
sors was a problem in the calibrations. Even although an apparatus
that could bring two sensors in a stream of water to the same
temperature within 1 m OC was built, the absolute accuracy of the
calibration was less than 1 moC. This is not too surprising, because
platinum thermometry to an accuracy of 1 moC, away from the ice
point, is close to the practical limits. It is certainly not
possible without a great deal of cross checking.
All quartz crystal oscillator frequencies drift with use,
although the effect is often regular enough to be fairly predictable.
Given the same type of sensors as were used, it would be possible
to measure to an absolute accuracy of 1 moC in the deep sea, where
the temperatures are not many degrees above OOC. However, the
necessary calibration effort may make the task not worthwhile.
Development of a repeatable wide range temperature reference that
was economic, might be a more productive approach than repeated
efforts to calibrate sensors against platinum thermometers. An
exciting prospect in this field is that of nuclear quadrupole
resonance thermometry, discussed by Vanier (1965).
The comparison of two sensors proved particularly useful as a
method of investigation. It provided a degree of confidence in the
results obtained, and was useful in recognizing various aspects of
the performance. Even the fact that the two sensors were different
was helpful. Arising from the difference, a method was developed
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for determining the sensor time response functions from in situ
measurements. This method could be adapted for many other problems.
If sensors like Tl were used exclusively, a different calibra-
tion method would be adopted. It would be possible to calibrate
in a stationary fluid by having only the extension probe and the
platinum sensor immersed in the bath. A special bath with a con--
trolled temperature could be used to keep the electronic circuit
of the quartz sensor at approximately the correct temperature.
The observations from the Cayman Trench demonstrated the use-
fulness of both the sensitivity and sampling rate. Lower limits can
be placed on the magnitude of temperature variations than was pre-
viously possible. In particular the high sensitivity permitted the
recognition of a distinct almost neutrally stable region. Although
the physical differences characterizing the layer are small, the
recognition of entities such as this is useful in setting up mathe-
matical models.
The great uniformity of potential temperature in the trench
water should be useful for certain types of geophysical experiments.
In this case a knowledge of the vertical temperature gradients per-
mitted an estimate of the coefficient of eddy conduction to be made.
Because historical data was also available, an estimate of the
geothermal heat flux was possible. Trapping of geothermal heat
in a lower layer provided the basis for the estimate of the flux.
It will be interesting to see whether other trenches have hydro-
graphic characteristics similar to the Cayman Trench.
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The lower layer appeared to be slightly stable. A similar con-
dition holds in the atmosphere even when thermals are ascending,
except very close to the ground. More accurate data on the adiabatic
temperature gradient would be helpful in placing a value on the
stability. The experiment to measure the adiabatic gradient was
abandoned mainly through lack of time. With the improvements
indicated, the method appears to have useful potential.
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APPENDIX 1
Fig. 1. App. gives a direct conversion from meters to decibars.
APPENDIX 2
List of sources for certain items of equipment
Item Source
Batteries, nickel-cadmium
Size D
Connectors
Dewar flask for ice point
measurements
Film, recording type
Kodak RAR 2479
Kodak 448 Monobath
Integrated circuits,
Fairchild
Motor, stepping for camera
drive, type 18100
Gulton Industries
212 Durham Avenue
Metuchen, New Jersey
Gould National Batteries
63 Fourth Avenue
Needham, Massachusetts
Vector Cable Co. Formerly
Marsh and Marine Mfg. Co.
5123 Gulfton Drive
Houston, Texas
King-Seeley Thermos Co.
Norwich, Connecticut
Eastman Kodak Stores
21 Needham Street
Newton Highlands, Mass.
Cramer Electronics
320 Needham Street
Newton, Mass. 02184
A. W. Haydon Co.
Waterbury, Massachusetts
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Item
Oscillator, 1 MHZ clock
Type 1 K Sulzer
Pressure Housings
Pressure Transducer,
Vibrotron, Model 8150
Readout, IEE type 350-082
X-A-Al-2, 6 unit assembly
with 082X display
Temperature sensors,
quartz
Thermostat, mercury
type TM-3C
Source
Tracor Inc.
627 Lofstrand Lane
Rockville, Maryland
Benthos Co.
Main Street
North Falmouth, Mass.
United Control Corp.
Redmond
Washington 98052
Compar Corp.
246 Walnut Street
Newtonville, Mass. 02160
Hewlett Packard
Dymec Division
395 Page Mill Road
Palo Alto, Calif. 94306
Philadelphia Scientific Glass Co.
Ninth and Ridge Avenue
Perkasie, Penna. 18944
